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ABSTRACT 


The  field-effect  transistor  is  treated  from  an  active  R-C  transmission- 
line  approach,  and  a  circuit  model  is  derived  from  a  lumped- element 
approximation  to  the  line.  The  circuit  model  is  found  to  be  similar  to 
that  often  stated  for  the  high-frequency  (hf)  circuit  model  of  the  vacuum 
tube.  The  model  is  characterized  by  the  lov-frequency  (l-f)  admittance 
parameters  and  tvo  high-frequency  parameters:  the  cutoff  frequency  (which 
is  the  frequency  at  which  the  hf  transconductance  falls  to  one-half  of 
its  l-f  value)  and  a  constant  relating  to  the  input  conductance.  A 
maximum  useful  frequency  for  the  device,  which  is  close  to  the  cutoff 
frequency,  is  calculated  from  the  model.  Measurements  are  found  to  be 
in  agreement  with  the  predictions  of  the  theory  for  frequencies  less  than 
the  cutoff  frequency. 

A  noise  model  for  the  field-effect  transistor  is  derived  by  assigning 
the rmal -noise  generators  to  the  conductive  elements  of  the  transmission- 
lino  model  and  shot-noise  generators  to  the  gate  junction.  The  input- 
noise  current  is  then  found  to  be  proportional  to  the  input  conductance 
and  leakage  current,  and  the  output-noise  current  is  proportional  to  the 
output  conductance,  t ran s conductance,  and  leakage  current.  This  model 
is  shown  by  experiment  to  be  valid  for  frequencies  where  l/f  noise  is 
nob  important. 
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I.  33ETBOEUCTION 


The  field-effect  transistor,  first  proposed  by  W.  Shockley,  is  a  member 
of  a  class  of  semiconductor  devices  that  may  be  called  unipolar  in  contrast 
to  the  Junction  transistor  vhose  working  current  is  essentially  bipolar. 

A  distinguishing  feature  of  the  device  is  its  close  resemblance  to  a  vacuum 
tube  in  terminal  characteristics. 

A  dc  analysis  of  the  field-effect  transistor  has  been  carried  out  by 

Shockley  [Ref.  1]  and  Dacey  and  Ross  [Ref.  2],  and  small-signal  circuit 

models  were  derived  from  this  analysis.  Experiments  [Ref.  2]  have  verified 

the  dc  model,  and  the  essential  features  of  the  small-signal  models. 

However,  no  theory  has  been  presented  that  explains  the  frequency  behavior 

of  all  the  two -port  network  parameters  and,  in  particular,  no  detailed 

# 

theory  of  device  noise  is  available. 

In  this  report  the  field-effect  transistor  is  analyzed  from  an  active 
R-C  transmission  line  viewpoint,  and  a  circuit  and  noise  model  of  the 
device  is  derived.  This  approach  yields  a  circuit  model  that  more  accu¬ 
rately  describes  the  device  than  does  the  previous  model  of  Shockley 
[Ref.  1].  In  addition  a  noise  model  Is  obtained  that  is  valid  throughout 
the  useful  frequency  range  of  the  device,  and  is  not  limited  to  low 
frequencies  as  is  that  of  van  der  Ziel  [Refs.  Experimental  confir¬ 

mation  of  the  models  is  also  presented. 

A.  A  QUALITATIVE  THEORY 

The  field-effect  transistor  (FET)  consists  of  a  layer  of  n-type 
semiconductor,  with  gate  electrodes  of  p-type  material  either  side  of 
this  layer.  One  example  of  a  field-effect  transistor  is  shown  in  Fig. 

1.  A  reverse  bias  is  applied  to  the  gate  Junctions  and  the  resulting 
depletion  (space -charge)  regions  cause  the  drain -to -source  current  to 


*  * 

In  Refs.  3  and  4,  van  der  Ziel  has  discussed  the  noise-generating 
mechanisms  in  field-effect  transistors  for  the  case  of  low  frequencies. 

The  device  may  also  be  constructed  with  a  p-type  channel  and  an 
n-type  gate. 
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FIG.  1.  A  FIELD-EFFECT  TRANSISTOR  STRUCTURE. 


flow  in  a  channel  bounded  by  these  space-charge  regions.  If  the  voltage 
is  greater  than  Wg,  then  the  space-charge  layer  is  wider  at  the 
drain  than  at  the  source. 

Small-signal  effects  can  be  observed  by  inserting  a  signal  between 
the  gate  and  ground;  the  effect  is  to  vary  the  width  of  the  depleted 
region  and  hence  to  change  the  drain-to -source  current.  This  is  similar 
to  a  vacuum-tube  triode  where  the  grid  voltage  varies  the  plate  current. 
Since  the  gate  junction  is  reverse -biased  it  is  in  a  high- impedance 
condition  and  the  resemblance  to  the  triode  is  even  more  complete.  Typical 
values  of  transconductance  range  from  100  to  5000  pmhos,  with  input 
impedances  of  several  megohms  or  greater. 

Other  structures  are  possible  that  use  a  "gate"  charge  to  control  a 
"channel"  current  but  do  not  use  p-n  junctions.  One  of  the  earlier 
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attempts  used  the  surface  of  a  semiconductor:  a  thin  insulating  layer 

vas  used  between  the  semiconductor  and  a  conducting  layer.  A  potential 

is  applied  across  the  Insulator  and  the  change  in  gate  charge  would  change 

the  number  of  electrons  and  holes  at  the  surface,  thus  altering  the 

conductivity  of  the  layer.  This  device  has  been  the  object  of  recent 
# 

investigations.  Since  this  device  is  also  unipolar  in  that  the  channel 
current  is  a  majority-carrier  current,  and  this  current  is  modulated  by 
the  action  of  the  gate  capacitance,  the  analyses  to  be  presented  in 
Chapters  III  and  IV  should  also  apply.  However,  for  simplicity,  the 
physical  model  to  be  used  is  the  field-effect  transistor  of  Shockley. 

B.  SUMMARY  OF  CONTENTS 

The  mathematical  analysis  of  the  dc  operation  of  the  FET  is  discussed 
in  Chapter  II.  In  addition  a  small-signal  circuit  model  is  derived  from 
the  dc  characteristics.  Corrections  to  this  ’ideal”  theory,  such  as  high- 
field  effects  and  gate  Junction  impedances  are  discussed  and  are  shown 
to  result  in  an  amended  circuit  model.  Experimental  results  of  previous 
investigators  are  briefly  mentioned. 

In  Chapter  III  the  device  is  analyzed  on  the  basis  of  a  lumped  R-C 
transmission  line.  A  pi-section  circuit  model,  valid  throughout  the  use¬ 
ful  frequency  range  of  the  device,  is  derived  from  the  transmission  line 
model  and  is  shown  to  resemble  closely  the  high-frequency  circuit  model 
of  the  vacuum  tube.  A  maximum  useful  frequency  for  the  device  is  defined 
and  calculated  from  the  model.  Measurements  are  found  to  agree  with  the 
theory. 

In  Chapter  IV  a  noise  model  is  derived  from  the  circuit  model  of 
Chapter  III.  This  model  is  used  to  determine  the  noise  factor  of  the 
device  and  an  optimum  environment.  Measurements  confirm  the  essential 
features  of  the  theory. 

Chapter  V  contains  some  conclusions  concerning  application  of  the 
various  models  and  some  suggestions  for  further  study. 

M.  M.  Atalla,  Solid  State  Device  Research  Conference,  Pittsburgh, 

June  19^0;  P.  K.  Weiner,  Solid  State  Device  Research  Conference, 

Stanford  University,  June  1961. 
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II.  THE  PHYSICAL  THEORY  OF  OPERATION 


The  low-frequency  theory  of  the  field-effect  transistor  of  Shockley 
is  presented  for  completeness.  Modifications  to  the  ideal  theory  are 
discussed  and  the  results  of  previous  investigators  are  related  to  the 
theory. 

A.  PHYSICAL  THE30RY  OF  THE  UNIPOLAR  FIELD-EFFECT  TRANSISTOR  [Ref.  1] 


A  unipolar  field-effect  transistor,  together  with  a  biasing  arrange¬ 
ment,  is  shown  in  Fig.  1. 

If  the  electric  field  in  the  channel  is  small,  the  current  through 
the  channel  is 


I  =  2BbaQEx  =  g(w)Ex  (2.1) 

where  cr  is  the  conductivity  of  the  channel,  B  is  the  width  of  the 
device,  and  W  is  the  magnitude  of  reverse  bias  along  the  channel, 
measured  with  respect  to  the  gate.  The  assumption  that  the  electric 
field  Ex  is  small  is  called  the  gradual  approximation;  it  allows  one 
to  calculate  b,  the  half -width  of  the  channel,  on  the  basis  of  a 

♦ 

depletion  layer  at  the  gate  which  is  reverse  biased  with  a  voltage  W. 

^  || 

Then  a  simple  calculation  shows 

(a-2) 

where  a  is  the  zero-bias  half -width  of  the  channel  and  W  is  the 

o 

potential  required  to  pinch  off  the  channel,  that  is,  to  cause  the  two 


* 

The  gradual  approximation  in  essence  says  that  the  potential  at  x 
is  determined  by  the  charge  at  x  and  not  by  charges  lying  to  either 
side.  The  electric  field  E  should  be  less  than  the  field  across  the 
junction,  or  10^  v/cm.  x 

The  exponent  of  W/WQ  depends  on  the  gradation  of  impurities  at 
the  gate  junction.  For  a  step  Junction  the  exponent  is  l/2;  for  a 
linearly  graded  Junction  the  exponent  is  1/3.  In  the  succeeding  analysis 
a  step  junction  is  assumed. 
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sptce-charge  region®  n't  the  gate  to  i&eet  at  the  center  of  the  channel* 

Substituting  (2.2)  into  <2.l)  and  recognising  that  E  ■  dW/dx,  we 

*  # 

obtain  the  following  integral  equation  for  1^,  the  drain  current: 


W 

-4 


g(V)  dW 


where 


g(w)  -  2cro  aB 


NtTM-ftf) 


(2.3) 


(2.4) 


Integrating,  we  obtain 


In  terms  of  the  terminal  voltages  Vg,  Vs,  Vd 


(2.6a) 

(2.6b) 


The  current  reaches  a  maximum  at  Vfl  +  vd  *  w0  4114  re«ai“B  essentially 
constant  at  a  value  1^  after  that.  It  should  be  noted  here  that  the 
gradual  approximation  fails  near  pinch-off.  The  result  is  to  cause  a 
small  positive  slope  to  the  Id  -  Vd  characteristic,  resulting  in  a 
high  (but  not  infinite)  drain  resistance.  The  output  characteristic  of 
(2.7)  is  shown  in  Fig.  2  with  -  0  and  Vg  a  parameter. 


*Thls  equation  assumes  current  continuity;  we  are  thus  neglecting 
gate  currents.  If  the  gate  current  is  small  compared  to  the  drain  current, 
then  we  can  add  it  later  and  not  disturb  the  potential  in  the  channel. 
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FIG.  2.  OUTPUT  CHARACTERISTICS  OF  THE  FIELD-EFFECT  TRANSISTOR. 


The  small-signal  behavior  is  obtained  from  (2.4)  by  making  small 
changes  vg,  v^  vg  in  the  terminal  voltages.  The  change  i^  in 
is  then 


8 

L  Vs  ' 


where 

gs  =  g  (W8)  =  g  (Vs  -  vg) 
gd  =  g  (Wd)  =  g  (vd  -  vg) 


(2  A 


(2.9 < 
(2.91 


Equation  (2.8)  can  be  put  into  a  form  recognizable  as  the  current  equa 
tion  for  a  vacuum-tube  triode: 


i 

P 


(2. 
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Comparing  (2.9)  and  (2.10)  we  find 


gm 


gd"gs  A 

. ■  i 

L 

LAI 


»  gd  Gd 


»*  -  -  V] 

We  can  rewrite  (2.8)  as 


gd  -  gs 


P  Sa 


id"0- 


(r  -v 

m  \  «  6  u  / 


(2.11a) 

(2.11b) 

(2.11c) 

(2.12) 


Prom  this  equation  the  close  resemblance  of  the  terminal  characteristics 

of  the  PET  and  the  vacuum  tube  is  seen. 

There  will  also  be  a  capacitance  associated  with  the  gate.  According 

to  Shockley  the  frequency  response  is  limited  by  the  time  needed  to  charge 

this  gate  capacitance,  C  ,  through  a  resistance  R  of  the  channel 

£ 

between  the  gate  and  source.  Prom  these  considerations  one  can  infer  the 
circuit  model  shown  in  Fig.  3* 


FIG.  3.  CIRCUIT  MODEL  BASED  ON  SHOCKLEY*  S  THEORY. 
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As  Eqe.  (2.9)  Imply,  the  small-signal  parameters  depend  upon  the 
terminal  biases.  Prom  (2.4)  and  (2.1l)  we  find 


(2.13a) 


Equation  (2.1l)  and  (2.12)  are  valid  up  to  the  pinch-off  point  and  remain 
constant  thereafter.  Equation  (2.13)  predicts  an  infinite  voltage  ampli¬ 
fication  at  pinch-off.  This,  of  course,  is  not  true  and  is  a  result  of 
failure  of  the  gradual  approximation  at  the  drain  end  of  the  channel. 
Measurements  show  that  p.  does  remain  finite  at  pinch-off.  The  capac¬ 
itance  depends  on  the  width  of  the  depletion  region  at  the  gate,  which  in 
turn  is  proportional  to  the  square  root  of  the  voltage  across  the  gate 
junction. 


B.  EFFECT  OF  LARGE  CHANNEL  FIELDS  [Ref.  2] 

For  electric  fields  of  the  order  10^  v/cm  and  higher,  the  mobility 
of  carriers  in  germanium  and  silicon  decreases.  The  effect  of  this  de¬ 
crease  in  mobility  can  be  accounted  for  by  introducing  a  field-dependent 
channel  conductivity.  The  result  of  this  nonlinearity  is  to  change  the 
bias  dependence  of  the  small-signal  parameters  calculated  previously; 
however,  the  circuit  model  of  Fig.  3  is  not  changed. 
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Compering  (2.9)  end  (2.10)  we  find 


8m 


We  can  rewrite  (2.8)  as 


(2.11a) 

(2.11b) 

(2.11c) 


4d  ■  °«  ■  's  *  <2-1S> 

From  this  equation  the  close  resemblance  of  the  terminal  characteristics 

of  the  FET  and  the  vacuum  tube  is  seen. 

There  will  also  be  a  capacitance  associated  with  the  gate.  According 

to  Shockley  the  frequency  response  is  limited  by  the  time  needed  to  charge 

this  gate  capacitance,  C  ,  through  a  resistance  R  of  the  channel 

& 

between  the  gate  and  source.  Prom  these  considerations  one  can  infer  the 
circuit  model  shown  in  Fig.  3. 


FIG.  3.  CIRCUIT  MODEL  BASED  ON  SHOCKLEY'S  THEORY. 


-  7  - 


sel-63-044 


C.  EFFECT  OF  EXTRINSIC  LEAD  RESISTANCES 


The  effect  of  series  resistance  in  the  source  and  drain  leads  on  the 
performance  of  the  device  can  be  included  by  adding  these  elements  to  the 
circuit  model  of  Fig*  3*  The  most  serious  effect  is  caused  by  resistance 
in  the  source  lead.  This  reduces  the  transconductance  in  a  similar  manner 
to  cathode  degeneration  in  a  vacuum-tube  triode.  The  series  resistances 
also  cause  dc  voltage  drops  that  reduce  the  bias  on  the  ideal  device. 

D.  THE  GATE  JUNCTION 

In  calculating  the  drain  characteristic  of  Fig.  2  we  have  neglected 
the  dc  current  that  flows  through  the  gate  Junction.  As  the  Junction  is 
reverse  biased,  this  current  is  small  (on  the  order  of  1  joamp  for 
germanium  devices,  10  nanoamp,  or  less,  for  silicon  units).  In  any  event 
the  effect  of  this  current  is  to  cause  the  current  in  the  channel  to  vary 
with  x,  and  as  a  result,  Eq.  (2.4)  is  not  exactly  correct.  The  error, 
however,  is  negligible  due  to  the  smallness  of  the  gate  current  under 
usual  bias  conditions. 

In  addition  to  capacitance,  the  gate  Junction  contains  a  leakage 

resistance  R  ;  this  resistance  can  be  calculated  from 
8 

R  »  51s  (2-iM 

g 

The  leakage  resistance  is  determined  by  the  mechanism  causing  I  .  The 

g 

gate  current  has  two  components:  a  diffusion  component  and  a  space-charge 
generation  current.  In  a  reverse -biased  germanium  p-n  Junction  the  dif¬ 
fusion  component  predominates  and  is  independent  of  applied  voltage; 
therefore  an  extremely  high  resistance  (ideally  infinite)  results.  For 
a  silicon  p-n  Junction,  space-charge  generation  of  carriers  predominates, 
giving  rise  to  a  current  which  is  proportional  to  the  volume  of  the 
space-charge  region.  For  a  step  Junction  the  volume  is  proportional  to 
the  square  root  of  the  gate  voltage.  It  follows  that 

Ig  “  kVgl/2  (2.15) 
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Although  this  current  does  not  saturate  as  does  a  diffusion  current, 
the  resistance  of  the  Junction  is  still  quite  high.  The  resistance  is 
calculated  from  (2.14): 


2Vg 
R  =  — “ 


g 


(2.16) 


go 


where  I  is  the  dc  leakage  current.  As  an  example,  let  V  =  1  v 
gO  Q  S 

and  I  =1  nanoamp.  Then  R  is  about  107  ohms, 
go  g 


E.  PREVIOUS  EXPERIMEIWAL  RESULTS 


At  the  time  Shockley  published  his  original  theory,  no  experimental 
evidence  was  presented.  Later  Dacey  and  Ross  constructed  several  devices 
and  found  agreement  of  dc  characteristics  with  Shockley's  theory.  Their 
devices  were  constructed  of  germanium  and  were  found  to  obey  the  nonlinear 
mobility  case.  No  detailed  frequency  measurements  were  reported;  only  a 
maximum  frequency  of  oscillation  was  measured,  using  a  unity-coupled 
oscillator.  This  frequency  was  found  to  agree  (within  150  percent  in 
some  cases)  with  a  frequency  found  by  considering  the  time  constant  of 
the  gate. 

Later  measurements  of  field-effect  transistors  were  reported  by 
Huang,  Marshall,  and  White  [Ref.  5]>  who  considered  applications  of  the 
devices.  The  admittance  parameters  were  measured,  but  no  model  was 
devised  to  explain  their  behavior. 

Noise  measurements  were  made  by  Dacey  and  Ross,  who  reported  70-db 
noise  figures  for  germanium  devices.  The  newer  silicon  units  have  been 
reported  to  have  noise  figures  as  low  as  0.4  db  at  1  kc  with  source 
resistances  of  1  megohm  [Ref.  6].  Lauritzen  suggested  a  high-field 
phenomenon  as  the  source  of  noise  in  the  channel,  and  leakage  currents 
as  a  source  of  gate  noise.  However  no  detailed  calculations  were  stated. 
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III.  A  CIRCUIT  M3DEL 


This  chapter  introduces  a  transmission- line  approach  to  the  FEZT.  A 
lumped-element  approximation  is  made  to  the  distributed  line  and  a  pi- 
section  circuit  model  is  derived  from  this  approximation.  A  maximum 
useful  frequency  is  defined  and  calculated.  Experimental  results  are 
shown  to  agree  closely  with  the  theory  over  the  useful  frequency  range 
of  the  device. 

A.  THE  TRANSMISSION-LINE  APPROACH 

Many  semiconductor  devices  have  been  treated  from  a  transmission¬ 
line  approach.  The  base  region  of  a  Junction  transistor  is  a  well-known 

example.  A  device  similar  in  structure  to  the  FET  has  been  analyzed  and 

* 

shown  to  have  a  notch  filter  characteristic. 

On  an  intuitive  basis  one  can  draw  the  transmission- line  model  of 
the  FET  as  shown  in  Fig.  k.  This  model  represents  the  small-signal  be¬ 
havior  of  the  device.  The  series  resistance  of  the  channel  acts  as  series 
R  and  the  gate  capacitance  acts  as  shunt  C.  In  addition,  the  device 
is  active;  therefore,  we  must  augment  our  model  with  an  active  element. 


SOURCE 


GATE 


T-— 

.  ~~FT1 

IT 

_____  1 

s_  c_3 

k  AAAh 

?  7 

.  J 

(3 

R 

5  7 

5 _ 7 

R  7 

5  I 

iL .  1 

GATE 


DRAIN 


FIG.  4,  AN  FET  STRUCTURE  SHOWING  LUMPED  R  AND  C 
ELEMENTS  OF  TRANSMI SSI  ON- LINE  MODEL. 


The  device  is  essentially  a  field-effect  transistor,  operated 
zero  drain  voltage  (and  therefore  no  gain)  in  a  common  gate  rode. 
Ref.  7. 


with 

See 
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This  is  easily  done  by  noting  that  R  is  dependent  on  the  gate  voltage. 
A  small  variation  in  the  gate  voltage  produces  a  small  change  in  the 
resistance,  which  in  turn  varies  the  current  flowing  in  the  channel.  A 
current  generator,  i,  can  be  added  in  parallel  with  R  that  reproduces 
this  current  variation.  A  section  of  the  augmented  line  is  shown  in 
Fig.  5* 


i 


FIG.  5.  A  SECTION  OF  THE  AUGMENTED  TRANSMISSION- LINE 
MODEL  OF  FIG.  4. 


B.  A  WAVE  EQUATION  FOR  THE  FET 

Consider  Fig.  6.  The  current  through  the  section  I  is  equal  to 
the  average  conductance  of  the  section  times  the  voltage  across  the 
section: 

IW  ■  ays  fegfe  *  as 2  [»(,).»(„»))  (3.i) 


SEL-63-044 


-  12  - 


FIG.  6.  A  SECTION  OF  THE  FET  STRUCTURE  OF  FIG.  1. 


Taking  the  limit  as  approaches  zero,  (3-2)  results: 

I(x)  =  -2aoBb(x)  g  (3-2) 

which  is  the  same  as  (2.l).  As  we  found  in  Chapter  II,  b  is  also  a 
function  of  W.  To  examine  small-signal  effects,  expand  b  in  a  Taylor 
series  about  the  dc  potential  in  the  channel  Vr;  let 

W  a  V*  +  V 

I  a  I*  +  i 

where  v  and  i  are  small  ac  voltages;  V'  and  I*  are  the  dc  compo¬ 
nents  of  voltage  and  current  in  the  channel.  Then 

b(x)  a  b[V'(x)]  +  ^  v(x)  (3.3) 
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vhere  only  the  first  two  terms  of  the  series  are  retained.  Substituting 
(3-3)  into  (3.2) 


-  *W  -  *0*(r )  4^  *  ^  mpl  vW  SiE^sl 

Separating  the  dc  terms  and  the  ac  terms  we  obtain 
-I*(x)  =  2croBb(V')  gl  (3.^) 

-*M  -  ^(v )  g  .  *„»  ft  ,M  ♦  *•„»  fljp  v(x)  | 

(3.5) 


dW  dx 


dW 


Equation  (3.^)  is  the  same  as  (2.l),  viz.,  the  dc  case.  Equation  (3*5) 
can  be  simplified  somewhat  by  dropping  the  second-order  term 


and  recognizing  that 


db  dV'  g  db 
dW  dx  dx 


Thus  the  ac  current  in  the  channel  is 


-i(x)  =  2crBb~+2crB^v  =  2a  B  bv 
v  '  o  dx  o  dx  o  dx 


Defining  g  =  2crQBb,  as  before, 


-i(x)  =  s  gv 


(3.6) 


We  have  neglected  the  displacement  current  through  the  gate.  Continuity 
requires  that 


d±  dW  dv 

dx  "C  dt  =  ‘C  dt 


(3.7) 


vhere  c  is  the  capacitance  of  the  gate  electrode  per  unit  length. 
Differentiating  (3.6)  and  setting  it  equal  to  (3*7)  we  obtain  the  vave 
equation  for  the  FE7T: 
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(3.8) 


d‘ “  c  d 

^gv-jj^gv 


We  now  assume  a  time  dependence  for  v  as  follows: 


v  .  V.** 

where  V  is  the  magnitude  of  the  ac  voltage  and  a>  is  angular  frequency. 
Then  (3-8)  becomes 


(3-9) 


The  capacitance  c  is  related  to  the  channel  vidth  b,  as  is  g;  b 
in  turn  is  related  to  the  dc  potential  in  the  channel  through  the  consider¬ 
ations  of  Chapter  II  which  yield  the  relationship  of  c  and  g  to  x. 

This  gives  a  linear  differential  equation  with  nonconstant  coefficients 
for  the  product  gV.  In  principle  this  equation  can  be  solved;  however, 
we  find  it  more  advantageous  to  attempt  a  useful  approximation  to  this 
distributed  case. 


C.  A  CIRCUIT  M3DEL  BASED  ON  AN  APPROXIMATION  TO  THE  DISTRIBUTED  LINE 


Prom  (3*6)  we  can  construct  one  section  of  the  line  discussed  above. 
At  any  point  x  on  the  line 

-i(x)  =  g  v 

1W  8  dx  dx  v 

In  a  small  region  Ax  about  x  we  can  replace  the  derivatives  by 
differentials: 

-i(x)  =  g(x)  g  +  g  V 

This  equation  implies  that  the  current  in  the  section  is  the  sum,  of  a 
current  proportional  to  the  voltage  across  the  section  and  a  current 
proportional  to  the  voltage  at  the  end  of  the  section.  Equation  (3.7) 
requires  a  capacitive  element  in  shunt  to  account  for  the  displacement 
current.  One  can  then  infer  the  lumped-element  model  of  Fig.  7*  We 
note  that  it  is  identical  to  the  model  of  Fig.  3  with  the  exception  that 
R  of  Fig.  3  is  not  present. 
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FIG.  7.  A  LUMPED-ELEMENT,  ONE- 
SECTION  MODEL  FOR  THE  FET 
WAVE  EQUATION. 


Using  the  basic  model  of  Fig.  1,  we  now  derive  a  circuit  model.  A 
one-section  line  is  Inadequate  to  describe  the  device  since  it  shows  that 
the  transconductance  does  not  change  with  frequency  and  the  input  is  purely 
capacitive  (in  a  common  source  connection).  Experiments  have  shown  that 
this  is  not  the  case.  If  we  cascade  many  sections  the  computation  ease 
is  lost  and  the  efficacy  of  an  approximation  is  removed.  As  a  compromise 
a  two-section  model  was  chosen  as  the  basis  for  subsequent  calculations. 

A  two-section  model  is  shown  in  Fig.  8.  The  sum  of  Ax^  and  Ax^ 
is  equal  to  the  length  of  the  channel,  and  the  sum  of  the  capacitances 
Ci,  Cg,  C3  is  equal  to  the  total  gate  capacitance.  The  conductances 
must  be  distributed  so  as  to  match  the  dc  solution.  Before  determining 
the  actual  size  of  the  elements  we  can  further  simplify  our  model  by 
making  the  following  assumption: 

^g]_/Axi  is  small;  this  is  valid  since  the  channel  width  varies  slowly 
near  the  source  [cf.  Shockley,  Ref.  1]. 

Using  this  assumption  and  letting 
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FIG.  8.  A  TWO-SECTION  MODEL  FOR  THE  FIELD- 
EFFECT  TRANSISTOR. 


A  " 

Ax^  1 


we  obtain  the  circuit  model  of  Fig.  9« 


D.  CALCULATION  OF  TEE  ADMITTANCE  PARAMETERS 


The  admittance  parameters  are  defined  by 


■  Vi  *  Vs 


T2  =  Y21V1  +  Y22V2 


* 

So  far  in  this  discussion  we  have  neglected  the  effect  of  lead 
resistance  and  Junction  resistance  on  the  circuit  model.  These  may  be 
included  at  this  point.  However,  in  well-designed  devices,  the  gate 
Junction  resistance  under  reverse  bias  is  small;  hence,  we  shall  neglect 
it  at  this  point.  Resistance  in  the  source  lead  can  be  lumped  with 
resistance  in  the  drain  lead  cannot  be  lumped  with  Rg  due  to  the  rL 
presence  of  the  current  generator  ftp  Va.  The  series  drain  resistance 
could  be  added  as  an  extrinsic  resistance,  but  is  neglected  for  the  present. 
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ELD-EFFECT  TRANSISTOR. 


and  will  be  used  to  characterize  the  MT  as  a  two -port  network  (cf .  Fig. 
10).  The  Y  parameters  are  calculated  for  common-source  connection. 
These  are  listed  below  in  terms  of  the  model  of  the  preceding  section: 


FIG.  10,  A  GENERAL  TWO-PORT  NETWORK 

CHARACTERIZED  BY  ADMITTANCE  PARAMETERS, 
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At  low  frequencies  the  model  should  reduce  to  that  calculated  from 
the  dc  characteristics;  i.e.,  in  the  common- source  form,  Y21  should 
approach  Gm,  Ygg  should  approach  G^,  and  Y^  and  Y^g  should 
become  predominantly  capacitive.  For 


co  « 


1  +  r2  +  G^i 

C2R1 


(3.10)  through  (3-13)  become 


Y11  S  Jco(Cl  +  °V  +  ^2 


R1 

1  +  R2 


1  +  rT  +  gtri 


y12  s  -**3  I  1  + 


R1C2 

r_£l 


ri 

1  +  rT  +  Vi 


21 


1  +  r^  +  gtri 


Y22  = 


R2  R1 

1  +  Rg  +  GTR1 


Fbr  a  match  with  the  low-frequency  calculations  we  require 


Gm 


1  +  r;  +  gtri 


r  -  ±  _ : 

Gd  -  r2  _  R, 


1  + 1 +  ¥*1 
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(3.14) 


“  ■  57  "  Va 

a 


From  (2.13)  one  finds  that 


Gm  +  Gd  "  f 


1  - 


V  -V  W2! 
-2 _ &  ) 

w  J 

0  / 


-which  is  a  constant  with  respect  to  the  drain  voltage.  Let 


G  +  G ,  ■  G 
m  d  mo 


(3.15) 


Then 


°T  +  ^ 


mo  Rj_ 

R 


1  +  5*  G^ 


-which  yields 


(3.16) 


An  important  assumption  is  now  made  that  simplifies  computations. 
This  assumption  is  to  relate  to  the  low-frequency  parameters  Gffl 

and  through  a  constant  as  follows:  divide  the  channel  into  two 
sections,  letting  the  section  nearer  the  source  have  a  length  XL. 
Referring  to  Pig.  1,  the  resistance  of  this  length  of  channel  is,  approx¬ 
imately, 


TJ  —  _ _ 

R1  =  aQB[b(0)  +  b(XL)] 


If  the  channel  width  does  not  vary  appreciably  over  the  region  from 
x  =  0  to  x  =  XL,  then 


But 


R 


~  XL 
1  “  2crQBb(0) 


la 


1  - 


(3.17) 


(3.18) 


-  21 


SEL-63-044 


since  the  channel  potential  at  x  =  0  is  Vs  -  V  .  Combining  (3- 1*0 
and  ( 3  *  IT ) >  we  obtain 


R1S 


G  +  G. 
m  a 


zoo 


(3.19) 


The  quantity  A  is  the  fractional  length  of  the  section  of  the 
transmission  line  nearer  the  source.  As  the  lumping  procedure  is  an 
approximation  only,  A  is  obtained  most  easily  by  experimental  means. 

The  procedure  used  in  the  following  work  is  to  determine  A  from  the 
input  conductance  at  high  frequencies. 

The  approximate  value  of  is  now  used  to  calculate  the  admittance 

parameters.  A  cutoff  frequency,  0)  ,  is  defined  as 


1  GTR1 

A  2 

0)  s  - 

° 

Utilizing  (3 . l6)  and  (3.19),  we  can  express  (3.20)  as 

G„  +  G, 


(3.20) 


0) 


m 


(1  -  A)AC, 


Applying  (3.19)  and  (3.20)  to  the  admittance  parameters,  Eqs.  (3 
through  (3.13),  we  obtain  the  following  equations: 

A}, 


Yu  = 


c?(i  -  a)  / 

^vrr tf(1+ 


(1  -  Ato 

'  '  mO 


) 


(3.21) 

,10) 

(3.22) 


Y12  =  "J® 


AC 


d 


2  G 


C3  + 


mo 


,  .  & 
J“0  J 


(3.23) 


21 


m 


,  ,  to  1 

1  - J  5£  (i  -  XV 


1  + 


CD 

<3  ar 

o 


Joe, 


(3-24) 
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(3-25) 


22 


1  +  1  ~  ■  —  -■ 

J  CD  1  -  A 

o 


1  + 


J  - 

J  0) 

0 


4*  JflflCL 


As  the  maximum.  transconductance  occurs  at  pinch-off,  one  would  more 
than  likely  operate  the  device  at  this  point.  Accordingly  the  assumption 
can  he  made  that  \i  is  large  or,  equivalently,  that  G^/G^  is  less  than 
one.  Then  the  Y  parameters  are  (separated  into  real  and  imaginary 
components): 


(3.2 6) 


(3.27) 


(3-26) 


(3-29) 


With  the  calculation  of  the  admittance  parameters,  we  have  ostensibly 
completed  the  development  of  a  circuit  model.  Several  questions  can  now 
be  asked:  Is  there  a  simpler  representation,  and  What  is  the  frequency 
limitation  of  the  device?  Both  questions  are  answered  in  the  following 
sections. 
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E.  A  PI-SECTION  REPRESENTATION 


A  pi-section  model  for  the  FED?  of  the  form  shown  in  Fig.  11a,  can  be 
derived  from  the  Y-parameter  representation.  For  frequencies  such  that 
05  <  and  if  the  voltage  amplification  factor  [x  is  reasonably  large, 
the  preceding  Y-parameter  set  (Eqs.  3*26  -  3*29)  can  be  approximated  by 

rn  s  T  (sr )  2  ♦  *  V  (3'30> 


Y12  'Ja)  °gd 


(3-31) 


Y  =  - 2 -  -  jco  C 

21  1  +  JJS.  J  g* 


(3-32) 


CO 

o 


Y22  "  Gd  +  Cgd 


(3-33) 


Substituting  these  parameters  into  the  model  of  Fig.  11a  results  in  the 
circuit  of  Fig.  lib.  In  addition  the  extrinsic  drain  resistance  r^, 
has  been  included  for  completeness.  For  lov  frequencies  (co  «  coq)  the 
input  conductance  is  negligible,  the  transconductance  is  constant,  and 
the  extrinsic  drain  resistance  is  negligible  compared  to  the  output 
resistance:  in  this  case  the  circuit  model  simplifies  to  tnat  of  Fig. 

11c. 

The  model  of  Fig.  lib  is  similar  to  that  often  stated  for  the  high- 
frequency  circuit  model  of  a  vacuum  tube  [Ref.  8).  The  input  conductance 
due  to  transit-time  loading  in  a  vacuum  tube  is  of  the  form 


2  2 

G.  =  kG  Brr 
in  m 


where  k  is  a  constant  (approximately  4),  is  the  mutual  conductance, 

T  is  the  grid-cathode  transit  time,  and  f  is  frequency.  In  addition, 
the  forward  transadmittance  becomes  complex  at  high  frequencies.  This 
model  is  to  be  compared  to  the  model  shown  in  Fig.  11b. 
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a.  General  model 


C9«f  ' d 


b.  High-frequency  model 


g  Cfld  d 


S 


c.  Low-frequency  model 


FIG.  11.  PI-SECTION  REPRESENTATIONS  OF  THE  FIELD-EFFECT 
TRANSISTOR. 
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F.  HIGH-FKEQEJENCY  POWER  GAIN  AND  THE  MAXIMUM  USEFUL  FREQUENCY 


Linvill  and  Gibbons  [Ref.  9]  have  shown  that  the  power  gain  of  a  two- 
port  network  defined  by 


is  within  3  db  of  the  maximum  available  gain  (unless  the  device  is 
potentially  unstable  at  the  frequency  in  question).  The  quantity  PG 
is  a  useful  measure  of  the  performance  of  the  device  since  it  is  inde¬ 
pendent  of  the  terminations.  The  maximum  useful  frequency  is  defined  as 

that  frequency,  f  ,  at  which  PG  is  unity.  This  frequency  is  also 
max 

the  maximum  frequency  of  oscillation  of  the  device  if  PG  is  the  maximum 
available  gain.  If  PG  is  less  than  the  maximum  available  gain,  then 
the  maximum  frequency  of  oscillation  is  somewhat  higher. 

Using  the  pi-section  model  of  Fig.  lib  as  the  basis  of  the  calculation, 


2 

2CD  c 


(3.35) 


Letting  cd  =  to  in  (3-34)  and  PG  =  1  we  obtain  the  following 
max 

equation: 


co2  ( 
max  \  G 
V  o 


■n 


As  G  /c  ,  is  about  co  ,  an  approximate  solution  to  the  above  is 
m  gd  o7 


0)  s  co 
max  o 


(3-36) 


*From  (3.21),  co  =  -  A)C2  =  (Ga/Cgi)(CgdA(l  "  *)C2)«  Since 

the  gate  capacitances  are  distributed  so  that  Cgd  is  less  than  C2, 
the  reduced  capacitance  A(l  -  X)C2  is  about  Cgd*  It  then  follows  that 

«0  •  W 

8EL-63-044  -  26  - 


The  maximum  useful  frequency  is  thus  approximately  the  same  frequency 
at  which  the  transconductance  falls  to  one-half  of  its  low-frequency 
value. 

For  a  unity-coupled.  FET  oscillator,  Dacey  and  Ross  [Ref.  2]  shoved 
that  the  maximum  frequency  of  oscillation  was  the  point  at  which  the 
transconductance  of  the  model  of  Fig.  3  full  by  3  db.  The  transmission- 
line  model  Indicates  a  somewhat  higher  frequency. 

G.  COMPARISON  OF  THEORY  AND  EXPERIMENT 

To  test  the  validity  of  these  results,  especially  the  circuit  model 
of  Fig.  lib,  admittance  measurements  were  made  on  several  field-effect 
transistors  manufactured  commercially.  These  units  were  Texas  Instruments 
TIX691,  Crystalonics  C615,  and  Fairchild  FSPlfOO.  All  are  silicon 
transistors,  with  the  first  having  a  p-type  channel  and  a  diffused  gate 
junction  and  the  latter  two  having  n-type  channels.  The  C615  transistor 
is  constructed  using  an  alloy  technique;  the  FSPtoO  is  a  diffused  unit. 

Low-frequency  (l  kc )  admittance  measurements  were  made,  using  a 
Wayne -Kerr  Universal  Bridge  B221  and  a  Hewlett-Packard  302A  Wave  Analyzer 
as  a  small-signal  source  and  detector.  These  measurements  are  shown  in 
Figs.  12  through  17  for  various  bias  conditions.  These  1-f  parameters 
follow  generally  the  bias  variation  predicted  by  the  dc  theory  of 
Shockley.  The  gate -to -source  capacitance  is  essentially  constant  with 
respect  to  drain  voltage  variations.  This  constancy  might  be  expected 
since  there  is  little  voltage  drop  across  the  gate -source  Junction  at  any 
time. 

Other  relevant  data,  such  as  pinch-off  voltage,  leakage  currents,  and 
extrinsic  drain  resistance,  are  shown  in  Table  1.  The  extrinsic  drain 
resistance  was  measured  by  the  technique  of  Dacey  and  Ross  [Ref.  2]  with 
some  modifications:  if  current  is  passed  between  source  and  drain,  the 
open-circuit  gate  voltage  (measured  from  drain  to  gate)  is  equal  to  the 
voltage  drop  across  the  extrinsic  drain  resistance.  Since  there  is  no 
current  flowing  out  of  the  gate,  the  gate  must  assume  the  potential  of 
the  channel  at  the  drain  edge  of  the  gate.  Thus  the  open-circuit  gate 
voltage  is  equal  to  the  voltage  drop  from  the  drain  contact  to  the 
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FIG.  16.  LOW-FREQUENCY  PARAMETERS  FOR  DEVICE  FIG.. 17.  LOW-FREQUENCY  PARAMETERS  FOR  DEVICE 

FSP400  AS  A  FUNCTION  OF  DRAIN  VOLTAGE  FSP400  AS  A  FUNCTION  OF  GATE  VOLTAGE 

(GATE  VOLTAGE  »  0  »).  (DRAIN  VOLTAGE  -  S  *). 


TABUS  1.  80MB  LCW-FRBQUBICY  PARAMETERS 


Parameter 

T  EC69I 

C615 

FSPU00 

Pinch-off  voltage  Wq 

m 

6  v 

5  v 

Leakage  current 
vd  ■  V  vg  - 0 

2  na 

7  na 

0.1  na 

rd 

57« 

3200 

— 

drain  edge  of  the  gate.  The  extrinsic  drain  resistance  v&s  obtained 
from  the  slope  of  the  open-circuit  gate  voltage  vs  drain  current  curve. 
Using  the  slope,  rather  than  the  voltage  divided  by  the  current, 
eliminated  any  contact -potential  problems. 

To  check  the  validity  of  the  hf  circuit  model  (Jig.  lib),  admittance 
measurements  were  made  for  frequencies  within  the  useful  operating  range 
of  the  devices.  These  measurements  are  depicted  in  Figs.  IB  through  20. 

In  the  case  of  the  T 1X691  and  the  C6l5,  the  admittances  were  measured 
using  a  Wayne -Kerr  B801  VHP  Bridge,  while  the  FSPtoO  admittances  were 
measured  using  a  General  Radio  1607-A  Transfer  Function  and  Immittance 
Bridge.  In  the  case  of  the  Imaginary  parts  of  the  admittances  no  attempts 
were  made  to  separate  the  header  capacitances  or  lead  capacitances  from 
the  total  capacitances.  In  the  first  two  cases  the  capacitances  were 
large  enough  to  enable  one  to  neglect  any  contribution  from  stray 
capacitances.  In  the  case  of  the  FSP400  the  lead  capacitances  are  prob¬ 
ably  not  negligible  in  comparison  with  the  extremely  low  internal 
capacitances  of  the  device. 

As  mentioned  previously,  no  attempt  has  been  made  in  this  theory  to 

affix  a  theoretical  value  to  X  or  to  the  "cutoff”  frequency,  <dq;  but 

rather  to  set  bounds  on  these  numbers  and  describe  the  device  from  a 

circuit  point  of  view.  To  determine  the  values  of  these  hf  parameters 

the  following  procedure  was  adopted:  the  frequency  at  which  the  forward 

transconductance  fell  to  one-half  of  its  lrf  value  was  defined  to  be  cd  , 

o 

and  X  vaa  determined  at  this  same  frequency  from 
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0.1  I  10  too 
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FIG.  18.  HIGH-FREQUENCY  Y  PARAMETERS  FOR  DEVICE  C615 
<Vd  ■  6  v,  Vg  -  0  v). 
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19.  If 
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parameters  vs  frequency 
V#  •  0  *)• 


for  DEVICE  TIX691 


SEL-63-OWf 


ADMITTANCE  (p*ho*) 


FIG.  20.  Y  PARAMETERS  VS  FREQUENCY  FOR  DEVICE  FSP400 
(vj  “  *  *.  vg  *  0  r). 
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From  these  two  parameters  and  the  1-f  measurements,  the  theoretical  curves 
were  drawn  (shown  in  dashed  lines  on  the  measured  curves).  The  agree¬ 
ment  is  quite  good  for  frequencies  less  than  the  cutoff  frequency  o>Q. 

The  hf  susceptances  agree  closely  except  in  the  case  of  FSPtoO.  The 
forward  transusceptance  should  he  larger  than  the  output  susceptance  by 
an  amount  proportional  to  the  internal  phase  shift.  aG  /<&  .  The  measure- 

—  “  -  ^  ‘  ° 

In  Table  2  the  values  of  the  hf  parameters,  X  and  o>o  are  shown 

for  the  bias  condition  indicated.  As  can  be  seen,  X  varies  widely  from 

device  to  device,  as  does  CD  .  The  behavior  of  '  X  and  o>  is  not,  how- 

o  o 

ever,  inconsistent  with  the  previous  considerations. 


TABUS  2.  HIGH-FREQUENCY  PARAMETERS 


Device 

foaS? 

(Me) 

HX691 

vd.-6v,  ye-o 

0.57 

35 

C615 

T  =  6  t,  V  »  0 
d  g 

0.87 

k.6 

FSPtoO 

vd  =  5  v,  Vg  =  0 

0.28 

350 

The  effect  of  drain  voltage  on  cutoff  frequency  is  shown  in  Fig.  21. 
From  the  transmission-line  model  the  cutoff  frequency  o>o  is  given  by 

G 

<d  - - 22 - 

°  Ml  -  *)c2 

In  the  above  equation  all  of  the  quantities,  except  Cg,  are  constant 
with  respect  to  the  drain  voltage.  The  oapacitance  C£  is  the  portion 
of  the  input  capacitance  that  lies  between  the  gate  and  the  center  of 
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DRAIN  VOLTAGE  (v) 

FIG.  21.  MEASURED  CUTOFF  FREQUENCY  VS 
DRAIN  VOLTAGE  FOR  THE  FI  ELD- EFFECT 
TRANSISTOR. 
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the  channel.  To  a  first  approximation!  Cg  varies  as  the  drain  voltage 
to  the  minus  one-half  or  minus  one-third  power!  corresponding  to  an  abrupt 
gate  Junction  or  a  graded  gate  Junction!  respectively.  Fbr  reference 
purposes  lines  of  the  appropriate  slope  for  the  respective  devices  are 
drawn  on  Fig.  21.  As  can  be  seen!  the  measured  values  follow  the  indicated 
slopes  quite  closely. 

To  determine  the  maxi  mum  useful  frequency  of  the  device  the  measured 

admittance  parameters  were  substituted  Into  the  formula  for  the  nmyimum 

power  gain  (Eq.  3*3^)>  The  maximum  power  gains  for  the  various  devices 

are  Indicated  In  Fig.  22,  with  the  frequency  scale  normalized  with 

respect  to  co^.  In  the  case  of  devices  C615  end  TIX69I  the  maximum  power 

gain  fell  to  unity  at  about  a>Q  as  predicted.  Ebr  device  FSPtoO  the 

maximum  frequency  was  considerably  lower  than  predicted.  In  this  case 

parasitic  elements  that  might  account  for  the  low  f  may  have  been 

max 

neglected. 

H.  SUMMARY  OF  RESULTS 

The  principal  result  of  this  chapter  has  been  to  derive  a  circuit 
model  of  the  field-effect  transistor  valid  over  the  useful  frequency  rang*  of 
the  transistor#  From  a  transmission  line  model  the  analysis  proceeded 
to  tnc  conclusion  that  the  device  is  adequately  characterized  by  a  pi  - 
section  u.odel  vhich  is  similar  to  that  of  the  vacuum  tube  at  high  fre¬ 
quencies.  The  model  is  completely  determined  by  1-f  parameters  such  as 
transcondu  .tance,  output  conductance,  gate-source  capacitance  and  gate 
drain  capacitance,  and  two  hf  parameters:  cutoff  frequency  and  a  constant 
relating  to  the  input  conductance. 
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IV.  THE  NOISE  MODEL 


The  derivation  of  the  noise  model  begins  with  a  postulation  of  noise- 
producing  mechanisms.  The  mechanisms  are  characterised  in  the  model  by 
current  and  voltage  sources.  These  Internal  sources  are  referred  to  the 
terminals  of  the  devices  as  currents  and  the  mean -square  values  of  these 
terminal  currents  are  computed.  The  terminal  currents  are  used  to  compute 
the  noise  factor  of  the  PET;  the  circuit  and  bias  conditions  that  yield 
the  minimum  noise  factor  are  determined.  Measurements  are  made  that 
indicate  that  the  model  is  valid  vhen  l/f  noise  is  not  Important. 

A.  NOISE-GENERATING  MECHANISMS 

Semiconductor  noise  can  be  classified  into  three  classes:  thermal 
noise,  shot  noise,  and  modulation  noise.  The  first  class  is  that  associ¬ 
ated  vith  thermal  agitation  of  carriers;  the  second  arises  from  the 
discreteness  of  the  carriers  (their  appearance  and  disappearance). 
Modulation  noise  is  not  veil  understood  but  appears  to  be  caused  by 
carrier  fluctuations  at  the  surface  of  the  semiconductor.  This  noise  is 
also  called  l/f  noise  from  the  shape  of  its  frequency  spectrum. 

Van  der  Ziel  [Ref.  10]  has  suggested  that  the  first  class,  thermal 
noiBe,  be  called  diffusion  noise,  and  the  second  class  be  called 
generation-recombination  noise.  Using  these  distinctions,  the  noise- 
producing  mechanisms  in  semiconductor  devices  are  more  easily  envisioned. 

B.  CHANNEL  NOISE 

Current  flov  through  the  channel  of  the  FET  takes  place  by  means  of 

electrons  and  holes  vhlch  drift  under  the  influence  of  the  electric  field 

set  up  by  the  drain-source  voltage.  The  noise  associated  with  ohmic 

conduction  is  thermal  noise.  Thermal  noise  may  be  characterized  by  its 

“5 

mean- square  fluctuation  current,  i  : 

—K 

i c  -  ItkTQdf  (4.1) 
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where  k  is  Boltzmann  *  s  constant,  T  Is  the  absolute  temperature,  G 

is  the  conductance  of  the  noisy  medium,  and  Af  Is  the  bandwidth  of  the 

# 

observing  Instrument. 

This  noise  mechanism  may  be  Incorporated  Into  a  noise  model  of  the 
FET  by  assigning  thermal-noise  generators  of  the  form  of  (4.1)  to  the 
resistive  elements  of  the  transmission-line  model  of  Fig.  8,  viz.  R. 
and  Rg.  The  generators  are  assumed  to  be  uncorrelated. 

Another  source  of  noise  in  the  channel  is  a  density  fluctuation 
caused  by  the  generation  and  recombination  of  carriers.  These  density 
fluctuations  produce,  in  turn,  resistance  fluctuations.  The  noise  current 
associated  with  this  phenomenon  is  proportional  to  the  minority-carrier 
density  in  the  channel  since  the  fluctuation  cannot  exceed  the  average 
density  of  the  smaller  number  of  carriers  (the  minority  carriers).  For 
a  typical  field-effect  transistor  the  doping  of  the  channel  material  is 
such  that  the  minority-carrier  density  is  negligible  compared  to  the 
majority-carrier  density;  thus  this  noise  is  negligible. 

C.  GATE  NOISE 

The  noise  produced  by  the  gate  junction  is  the  noise  produced  in  a 
reverse-biased  p-n  junction  or  shot  noise.  Guggenbuehl  and  Strutt  [Ref. 
11]  have  shown  that  the  mean-square  noise  current  in  a  p-n  junction  diode 

is  _ 

i2  =  4kTYrAf  -  2iiIAf  (4.2) 

where  Yr  is  the  real  part  of  the  Junction  admittance,  q  is  the 
electronic  charge,  and  I  is  the  current  in  the  diode.  This  equation 
has  been  found  to  be  invalid  for  silicon  junctions  where  generation  and 
recombination  occur  in  the  space-charge  region  [Ref.  12].  A  more  general 
expression  for  the  p-n  Junction  noise  current  is 


* 

The  spectrum  of  thermal  noise  is  uniform  up  to  infrared  frequencies; 
thus,  (4.1)  is  valid  for  all  frequencies  under  consideration  here. 

Van  der  Ziel  has  come  to  the  same  conclusion:  the  channel  noise  is 
primarily  thermal  noise  [Ref.  3]. 
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i2  -  karc^  -  2q  j  at 


(^•3) 

where  a  is  a  parameter  that  depends  on  the  mechanism  of  current  flow, 
e.g. ,  generation-recombination,  and  diffusion.  This  equation  holds  for 
all  frequencies  less  than  the  transit-time  limiting  frequency  for  carriers 
crossing  the  junction. 

For  germanium  junctions  biased  in  the  reverse  direction  the  current 
flow  is  by  means  of  diffusion:  in  this  case  m  is  one  and  Yr  is  zero. 
For  silicon  junctions  the  leakage  current  through  the  Junction  arises  from 
generation  in  the  space-charge  region.  As  before,  Yr  is  small,  m  is 
two.  Since  the  devices  under  test  are  silicon  units,  we  assume  the  latter 
conditions : 

i2  -  q  I  AT  (4.4) 

(S 

D.  NOISE  TOE  TO  LEAD  RESISTANCE 

Noise  caused  by  resistance  in  the  source  and  drain  leads  could  be 
included  in  the  model  by  assigning  thermal-noise  generators  to  these 
resistances.  The  generators  would  have  the  form 

e2  =  4kTr  Af  (4.5) 

”5 

where  e  is  the  mean-square  voltage  caused  by  the  series  resistance 
r.  This  noise  is  neglected  in  the  following  discussion  since  the  noise 
contribution  from  the  resistance  is  small. 

E.  THE  NOISE  MODEL 

The  noise-generating  mechanisms  are  now  incorporated  into  the  trans¬ 
mission-line  model  of  Fig.  9*  In  Fig.  23  noise  generators  are  placed 
across  each  passive  element  of  the  transmission-line  model.  The  generators 
are  the  Fourier  transforms  of  the  time-dependent  random-noise  currents. 

The  generators  iQlf  and  e^  represent  the  thermal  noise  due  to  the 
resistance  of  the  channel,  while  ln1 ,  iQg,  and  in,  are  the  noise 
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FIG.  23.  NOISE  MODEL  BASED  ON  TRANSMI SS ION- L INE 
MODEL  OF  THE  FI  ELD- EFFECT  TRANSISTOR. 


currents  of  the  gate  junction.  The  noise  due  to  is  represented  as 

a  voltage  source  for  convenience  only.  The  gate  noise  generators  are 

distributed  in  the  manner  shown,  since  the  gate  current  is  distributed 

in  the  same  way  as  the  gate  capacitances.  All  generators  arc  assumed 
* 

to  be  uncorrelated. 

To  calculate  the  terminal  noise  currents,  1^  and  Iq2,  defined  in 
Fig.  24,  the  input  and  output  terminals  are  shorted,  and  the  short-circuit 
currents  are  calculated: 


Van  der  Ziel  [Ref.  10]  has  discussed  a  possible  modulation  of  the 
series  resistance  of  a  junction  diode  by  the  diode  noise  current.  This 
would  imply  a  correlation  between  the  noise  contribution  of  the  series 
resistance  and  the  noise  contribution  of  the  junction.  In  the  case  of 
the  FET  the  series  resistance  Is  equivalent  to  the  channel  resistance  and 
the  diode  is  equivalent  to  the  gate  diode.  He  concludes,  however,  that 
this  effect  Is  negligible  for  small  diode  currents.  Our  assumption  that 
there  Is  no  correlation  between  the  channel  noise  generators  and  the  gate 
noise  generators  Is  valid  for  a  reverse -biased  gate  junction. 
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FIG.  24.  SEPARATION  OF  NOISY  FET  INTO 
NOISELESS  FET  AND  TWO  TERMINAL  NOISE 
CURRENTS. 
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In  terms  of  the  1-f  parameters  and  the  two  hf  parameters,  these  currents 
are 
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The  mean-square  currents  and  their  correlation  are: 


vhere  the  *  denotes  complex  conjugate.  We  assume  the  appropriate  forms 
for  the  internal  generators.  The  thermal-noise  generators  of  the  channel 
are 

e2,  =  4kTR.,£f 
nl  1 
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(*.13) 

(4.14) 


The  shot-noise  generators  are  distributed  so  that  the  total  leakage 
current  Ig  Is  equal  to  the  sum  of  the  distributed  currents,  Igl>  Ig2> 
and  I. 


83 
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m  -  ’V  “ 


■  «*«*  * 


in3  =  4lg3  ** 


(4.15) 

(*•16) 

(4.17) 


The  coefficients  of  the  internal  noise  generators  in  (4.10),  (4.11),  and 
(4.12)  are  related  to  the  admittance  parameters  of  the  PET  through  ( 3 •  10 ) 
through  (3.13)*  The  terminal  noise  currents  per  unit  bandwidth  become: 


- » v  *  ttHts  *  »rg3  * 
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(4.18) 
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(4.90) 


assuming  the  internal  generators  are  uncorrelated. 

The  above  noise  currents  are  valid  over  a  frequency  range  which  coin¬ 
cides  with  that  of  the  circuit  model.  Por  cd  «  cd  the  admittance 

o 

parameters  can  be  approximated  by 


<L  +  Grf 
-  m  d 

Yii - T— 


(£) 2  *  ^°g.  ♦  °gd> 


(4.21) 


Y12  *  -  °gd 


(4.22) 
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’'a80.  -  J“(^  +  c8 a) 


(4.23) 


tS2  8  °a  +  »  V  <4'24> 

Substituting  these  approximations  into  (4.18)  through  (4.20),  the  follow' 
ing  noise  currents  are  obtained: 

(i.)2  (t.s,) 

4a  8  *  tfg3  *  4Kr  (°a  *  Mw)  C*-26) 


^  rna  8-^ea 


4IB3  '  4KIJ“  4 


(4.27) 


These  currents  bear  some  similarity  to  their  counterparts  in  vacuum 
tubes  [Ref  13].  However,  the  noise  is  produced  by  a  different 
mechanism.  This  similarity  will  be  elaborated  upon  in  the  discussion  of 
noise  factor. 


F.  NOISE -CURRENT  MEASUREMENTS 


To  test  the  assumption  that  thermal  noise  is  the  primary  source  of 
noise  in  the  channel,  measurements  of  the  output  noise  current  were 

made  on  the  FET’s  investigated  previously.  A  frequency  range  that  covered 
the  1-f  spectrum  from  100  cps  to  50  kc  was  used,  and  both  drain  and  gate 
voltages  were  varied.  For  one  device,  C615,  hf  measurements  of  the  out¬ 
put  noise  current  were  made  to  test  the  validity  of  the  theory  near  the 
cutoff  frequency  of  the  device.  Block  diagrams  of  the  measuring  apparatuses 
are  shown  in  Fig.  25. 

For  the  1-f  measurements  the  gain  of  the  system,  A,  was  measured 
using  the  oscillator  as  a  source.  Knowing  the  gain,  the  total  noise  at 
the  output  E|,  the  noise  due  to  the  10 -kilo hm  load  resistance  and  the 
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a.  Low  frequency 


NOISE 


b.  High  frequency 

FIG.  25.  MEASUREMENT  OF  FET  OUTPUT  NOISE  CURRENT. 


preamplifier  noise  factor  F,  the  output  noise  current  of  the  FET  was 
calculated  from 

T  Eo 

Q2  =  R^|A|2 

Wh6re 

* 

This  expression  is  correct  if  the  total  input  resistance  to  the 
preamplifier  is  Rl,  and  if  the  noise  factor  of  the  preamplifier  is 
measured  with  a  source  resistance  of  R^. 
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The  mean-square  output  noise  voltage  Eq  was  computed  from  the  square- 
mean  output  voltage  (Eq)2  by  multiplying  hy  1.27. 

For  the  hf  measurement,  a  similar  procedure  was  used  except  that  a 
noise  diode  was  the  means  of  calibration.  The  output  noise  current  from 
the  FET  was  calculated  from 

-f4 

~2~ 

where  FI.  is  the  noise  from  the  losses  in  the  preamplifier  input 

ELK 

circuit  but  not  including  the  FET  output  conductance,  and  1^  is  the 
noise  diode  current  required  to  double  the  output  noise  power  from  the 
FET  alone. 

The  results  of  these  measurements  are  shown  in  Figs.  26  through  34 

* 

for  various  conditions  of  frequency,  drain  voltage,  and  gate  voltage. 
Measurements  were  made  using  drain  voltages  that  maintained  a  large  \i. 

Considering  device  C6l5  for  example.  Fig.  29  depicts  the  output  noise 
current  as  a  function  of  drain  voltage  for  frequencies  from  100  cps  to 
50  kc.  The  noise  current  increased  for  increasing  drain  voltage, 
approaching  a  constant  for  voltages  beyond  the  pinch-off  voltage.  In 
addition,  the  noise  current  decreased  for  increasing  frequency. 

For  comparison  purposes  a  theoretical  curve  of  the  output  noise 
current  is  also  shown  in  Fig.  29.  The  current  was  calculated  from  (4.2 6), 
using  the  values  of  G^,  G^,  and  7\  measured  in  Chapter  HI.  The  gate 
leakage  current  was  neglected  since  the  current  was  only  several  nanoamps 
for  this  device  at  the  highest  gate  voltage  used.  The  measured  noise 
currents  were  larger  than  the  theoretical  current  at  all  frequencies  ex¬ 
cept  50  kc.  Although  the  theoretical  noise  current  remained  essentially 
constant  with  drain  voltage,  the  measured  currents  increased  somewhat 
for  drain  voltages  less  than  6  v  and  were  constant  from  6  to  10  v. 


The  output  noise  current  is  plotted  in  terms  of  an  equivalent  noise 

current  I :  -5- 

eq  T2 

I  £  n2 

eq  *  2qAf 
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EXPERIMENT 


FIG.  26.  OUTPUT  NOISE  CURRENT  VS  DRAIN  VOLTAGE  FIG.  27.  OUTPUT  NOISE  CURRENT  VS  GATE  VOLTAGE 

FOR  DEVICE  TIX691  WITH  FREQUENCY  AS  A  PARAMETER  FOR  DEVICE  TIX69I  WITH  FREQUENCY  AS  A  PARAMETER 


OUTPUT  NOISE  CURRENT  VS  FREQUENCY  FOR  DEVICE  TIX691  (V 


EXPERIMENT 


T 
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OUTPUT  NOISE  CURRENT  VS  FREQUENCY  FOR  DEVICE  C615  WITH  DRAIN  VOLTAGES  OF 


EQUIVALENT  OUTPUT  NOISE  CURRENT  (/^a) 


FIG. 


34.  OUTPUT  NOISE  CURRENT  VS  FREQUENCY  FOR  DEVICE  FSP400  ( Vd  »  5  v) 


5J 


In  Fig*  30  the  output  noise  current  is  shown  as  a  function  of  the 
gate  voltage  for  a  drain  voltage  of  6  v.  As  in  Pig.  29  the  noise 
current  decreased  as  the  frequency  of  measurement  was  increased  and  as 
the  gate  voltage  vas  increased.  The  measured  noise  currents  were  again 
larger  than  the  theoretical  current. 

A  plot  of  the  frequency  spectrum  is  shown  in  Pig.  31  for  several  drain 
voltages.  At  low  frequencies  the  spectrum  has  a  slope  of  -1,  character¬ 
istic  of  that  class  of  low-frequency  noise  called  l/f  noise.  Above  50  kc 
the  noise  current  becomes  constant,  until  the  cutoff  frequency  (5  Me)  is 
approached.  At  this  point  the  noise  increases  due  to  the  increase  of 
Y22r  (although  the  model  is  not  necessarily  valid  at  these  frequencies). 

We  conclude  from  these  measurements  on  C615  that  thermal  noise  is 
the  predominant  noise  mechanism  at  high  frequencies,  but  that  l/f  noise 
dominates  at  low  frequencies. 

Similar  behavior  of  the  noise  current  as  a  function  of  frequency  is 
exhibited  by  the  other  devices  tested,  TIX69I  and  FSP400.  The  most 
conspicuous  difference  was  the  presence  of  excess  noise  at  50  kc  in  the 
latter  two  devices. 

G.  TEE  NCISE  FACTOR  OF  THE  FET 

The  commonly  accepted  measure  of  the  noise  performance  of  a  device 
is  its  noise  factor.  The  noise  factor  F  is  defined  by  the  relation 


noise  power  available  at  output 
noise  power  available  at  output  due  to  the  source  alone 


(4.28) 


Using  the  representation  of  Fig.  24,  the  noise  factor  of  the  FET  is 

2 

(^.29) 

where  Y  is  the  source  admittance,  and  4kT  GAf  is  the  noise  due  to 
s  os 

the  source  conductance  G„  at  the  reference  temperature  T  . 

8  O 


P  =  1  + 


y  J02 

hi  n2  '  S  Y21 


■•ill 


ter  g  Af 
0  8 
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The  noise-factor  formulation  derived  in  the  appendix  is  convenient 
for  purposes  of  analysis.  Using  this  formulation,  the  noise  factor  of 
any  linear  two  port  is 


P  a  1  + 


u 


R  r 
a*  i 

Gs  L 


(G  +  g  )2  + 

'  s  y 


(B  +  B  )' 
x  s  y * 


) 


where 


the  equivalent  noise  conductance 


the  equivalent  noise  resistance 


G  =  the  correlation  conductance 
7 

=  the  correlation  susceptance 


(4.30) 


In  most  instances  the  device  will  not  be  used  at  frequencies  near  cutoff, 

and  the  device  will  be  operated  near  maximum  gain.  These  two  conditions 

imply  a)  «  cdq  and  G^/G^  «  1.  The  leakage  conductance  of  the  gate  is 

small  compared  to  the  conductance  of  the  channel;  therefore  the  gate 

noise  is  small  compared  to  the  channel  noise,  or  ql  /4kT  «  1.  The 

g  o  m 

noise  currents  can  then  be  approximated  by 

(c)2"  (“‘31) 

I2  s  4KT  X  Gm  Af  (4.32) 

TLd  O  m 
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Jn2  S  -  ^g2 


XL 


S3 


1*VD  sf 

o 


(4.33) 


The  approximate  admittance  parameters  [Eqs.  (4.21)  through  (4.24)]  are 
used  in  (A.l4)  through  (A.l8)  in  the  appendix;  the  following  equations 
result  from  this  substitution: 
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X 

G 

(4.34) 

m 

Gm  /  m  \  2 

^  \%) 

(4.35) 

^gs  +  Cgd> 

(4.36) 

ql  m2 

-  2  5T  (cgs  +  cgd) 

0  0 

(4.37) 

The  noise  factor  is  computed  from  ( 4 . 30 ) : 

5  +  C  . 

gs  gd 


qj  2 

SET"  "  2  of  ^Cgs  +  Cgd^ 


P  =  1  + 


+  [B  +  0)(C  +  C  .)!* 

L  s  x  gs  gd' J 


} 


(4.38) 


The  noise  factor  can  be  minimized  by  choosing  G  and  B  properly: 

s  s 

the  source  conductance  for  the  minimum  noise  factor  is 


G  /  \  2  f  al  ,  /  cd  \ 

_m  (  jM  .  (  o  \ 

\  \(x>  )  Iff  G  \  (a) 

\  o'  o  m  '  * 


4  atu  (c  +  c  .) 

.  ss _ el. 


_m  (  c)_\ 

x  vv 


and  the  optimum  source  susceptance  is 


B  =  -Oi(C  +  C  .) 
o  '  gs  gd7 


(4.39) 


(4.40) 


The  value  of  the  optimum  noise  factor  is 

2 


F  =1+2 
o 


\%)  Gm 


(4.41) 
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At  low  frequencies  the  source  eusceptance  may  be  made  zero  for  sake 
of  simplicity.  In  this  case  the  noise  factor 


'  IT  (Cgs  +  Cgd)  +  “2(Cgs  +  Cgd)2 


F  a  1  + 


The  optimum  source  conductance  for  this  case  is 


( k.k2 ) 


3o  -  [^-  -  r-  (°gS  +  °gd>  T  +(t)  (f )  -  *  °Sd)2]1/2 


and  the  optimum  noise  factor  is 


F  =  1  +  2 
o 


(*) 


+  2R  G 
n  o 


(4.43) 


(4.44) 


where  Gq  is  defined  by  (4.43).  At  low  frequencies  the  input  conductance 
can  be  neglected  in  comparison  to  the  input  eusceptance;  in  addition,  the 
leakage  currents  are  small.  If  these  terms  are  neglected  in  (4.43),  the 
optimum  source  conductance  is 


G  =  o>(C  +  C  ,) 
o  v  gs  gd' 


1  - 


G 

2-S 

"o 


A(C  +  C  ,) 
v  gs  gd' 


1/2 


(^5) 


and  the  optimum  noise  factor  is 


1  +  2R  G 
n  o 


(4.46) 


The  optimum  noise  factor  calculated  previously  is  that  obtained  by 
optimizing  the  source  resistance  only.  The  noise  factor  can  be  minimized 
by  a  Judicious  choice  of  bias  condition.  Approximating 
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G  2  0>(C  +  C  . ) 

o  '  gs  gd' 


the  optimum  noise  factor,  obtained  by  optimizing  G  ,  is 

P 


F  a  1  +  2  —  cd(C  +  C  • ) 
o  G  '  gs  S<* 


As  the  drain  bias  (with  constant  gate  bias)  is  increased,  the  transcon¬ 
ductance  increases  until  pinch-off  is  reached;  similarly  the  input 
capacitance  decreases  with  increasing  drain  bias  until  pinch-off  is 
reached.  Hence,  the  minimum  of  Fq  is  reached  with  the  drain  voltage  at 
pinch-off.  If  the  drain  voltage  is  fixed  and  the  gate  voltage  is  in¬ 
creased,  the  transconductance  decreases  as  does  the  input  capacitance. 

The  proper  choice  of  gate  voltage  is  not  clear  in  this  case.  An  approx¬ 
imate  answer  can  be  obtained  by  recognizing  that  the  transconductance 
decreases  more  rapidly  than  does  the  input  capacitance.  Hence,  the  term 
2(VGm)^(Cg8  +  gets  larger  as  the  gate  voltage  gets  larger.  Thus, 

the  gate  voltage  should  be  made  as  small  as  possible. 

If  the  preceding  results  are  examined  closely,  one  observes  that,  in 
the  case  of  a  general  source  admittance  Y  ,  the  optimum  source  admittance 
is,  approximately,  Y^  if  the  equivalent  noise  conductance,  Gu,  is 
neglected.  For  Yg  =  Gg  the  optimum  source  conductance  is  about 
In  both  cases  the  result  of  choosing  a  source  admittance  is  to  optimize 
the  power  transfer  from  the  source.  In  most  cases,  however,  Gu  cannot 
be  neglected  and  the  source  conductance  must  be  somewhat  larger  than 
predicted  by  the  simple  argument  above. 

If  the  source  conductance  is  large  compared  to  the  input  admittance 
of  the  FET,  the  noise  factor  is,  approximately, 

F=l  +  ^-Gs  (4.V7) 

m 

This  condition  is  often  met  for  devices  which  have  small  input  capacitances 

and  for  operation  at  low  frequencies.  A  similar  form  for  the  noise  factor 

of  vacuum  tube  amplifiers  is  often  stated.  Moreover,  the  equivalent  noise 

resistance  X/G  is  similar  to  that  of  the  vacuum  tube  [Ref.  13].  For 
m 
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vacuum  triodes  the  constant  X  is  about  2.5;  for  the  FET,  X  is  less 
than  1.  Thus  the  FET  should  have  a  smaller  noise  factor  than  a  vacuum 
tube  with  the  same  transconductance  and  source  conductance. 


H.  NOISE-FACTOR  MEASUREMENTS 


Noise-factor  measurements  were  made  on  the  devices  previously 
investigated  using  the  test  setup  of  Fig.  35*  The  results  of  varying 
source  resistance,  bias  voltage,  and  frequency  are  shown  in  Figs.  36 
through  4l. 

From  a  qualitative  viewpoint  the  devices  followed  the  theory  in  two 
respects:  first,  the  optimum  source  conductance,  increased  with  frequency; 
and  second,  for  the  higher  frequencies,  the  lowest  noise  factors  were 
obtained  for  the  device  biased  in  the  maximum  gain  condition,  i.e.,  for 
the  drain  biased  at  pinch-off  and  the  gate  biased  at  zero  volts.  As 
would  be  expected  by  the  implications  of  the  preceding  measurement  of 
the  output  noise  current,  the  noise  factor  increased  as  the  frequency 
decreased  due  to  l/f  noise  effects. 

To  test  the  model,  noise-factor  measurements  at  50  kc  were  used  to 
compare  with  the  predicted  performance  of  device  C615.  As  noted  previously, 
this  device  showed  little  l/f  noise  at  this  frequency.  From  the  data 
the  optimum  noise  factor,  equivalent  noise  resistance,  and  optimum  source 
resistance  were  determined.  In  Figs.  4-2  through  47  the  measured  and 
predicted  values  are  depicted.  The  theoretical  values  were  calculated 
from 


Rn  =  r(  r+  x 
m  \  m 


R  = 
o 


cd(C  +  C  , 
'  gs  gd 


F  =  1  +  2R  /R 
o  n'  o 


77  772 

’  '  Vea  *  vJ 


(If.  48) 

(4.49) 

(4.50) 


The  input  resistance  was  neglected,  as  was  the  leakage  current. 
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FIG.  35.  TEST  SETUP  FOR  MEASURING  NOISE  FACTOR. 


As  indicated  by  Figs.  37  and  38*  the  theoretical  values  of  noise 

resistance  compared  closely  with  the  measured  values.  However,  the 

optimum  noise  factor  as  measured  was  higher  than  predicted  by  the  theory 

of  the  preceding  section.  Also,  the  optimum  source  resistance  was  lower 

than  predicted.  Both  of  these  deviations  could  be  explained  by  l/f  noise 

2 

in  the  input  circuit.  Fbr  example,  if  a  l/f  noise  current  I*  is  added 

2  rX 

to  the  input  noise  current  1^,  the  new  optimum  source  conductance, 

G^,  becomes: 


Ifl  Gm 

rl  m 

Af 

o 


+  <o2(C 


+  c  Ay 

gd' 


2  G 

2g--S  (C 

0)  A  v  a 


+  C  ,) 
gd7 


Thus  a  larger  input  noise  current  causes  a  larger  optimum  source  con¬ 
ductance  or  a  smaller  source  resistance.  A  larger  optimum  conductance 
results  in  an  increased  minimum  noise  factor  through  the  relationship 
of  (U.Mf).  This  input  circuit  noise  is  probably  caused  by  a  l/f  noise 
component  in  the  gate  leakage  current,  which  often  contains  such  a  noise 
spectrum. 

We  conclude  from  these  measurements  on  device  C615  that  thermal  noise 
in  the  channel  seemed  to  be  the  dominant  noise  at  50  kc;  on  the  other 
hand,  some  excess  noise  was  apparent  at  the  input  terminals  at  50  kc. 
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FIG.  36.  NOISE  FACTOR  VS  SOURCE  RESISTANCE  FOR  DEVICE  TIX691  WITH 
FREQUENCY  AND  DRAIN  BIAS  AS  PARAMETERS  (V  -  0  v). 


FIG.  37.  NOISE  FACTOR  VS  SOURCE  RESISTANCE  FOR  DEVICE  TIX691  WITH 
FREQUENCY  AND  GATE  BIAS  AS  PARAMETERS  (Vd  •  -6  r). 
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SOURCE  RESISTANCE  (oh«l] 


FIG.  39.  NOISE  FACTOR  VS  SOURCE  RESISTANCE  FOR  DEVICE  C61S  WITH 
FREQUENCY  AND  GATE  BIAS  AS  PARAMETERS  (Vd  -  6  »). 
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FIG.  40.  NOISE  FACTOR  VS  SOURCE  RESISTANCE  FOR  DEVICE  FSP400  WITH 
FREQUENCY  AND  DRAIN  BIAS  AS  PARAMETERS  (V  «  0  v). 
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FIG.  41.  NOISE  FACTOR  VS  SOURCE  RESISTANCE  FOR  DEVICE  FSP40  0  WITH 
FREQUENCY  AND  GATE  BIAS  AS  PARAMETERS  (Vj  -  S  r). 
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EQUIVALENT  noise  ASSISTANCE  (AoNm)  EQUIVALENT  NOISE  ASSISTANCE  (Mm) 


FIG.  44.  EQUIVALENT  NOISE  RESISTANCE 
R„  VS  DRAIN  VOLTAGE  FOR  DEVICE  C615 
(V  -  0  y.  f  •  SO  kc). 


FIG.  45.  EQUIVALENT  NOISE  RESISTANCE 
Rn  VS  GATE  VOLTAGE  FOR  DEVICE  C615 
(Vj  »  6  t,  f  »  50  kc). 
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OPTIMUM  SOURCE  RESISTANCE  (Roh««)  OPTltNJM  SOURCE  RESISTANCE  (kohmt) 


FIG.  46.  OPTIMUM  SOUBCE  RESISTANCE  VS 
DRAIN  VOLTAGE  FOR  DEVICE  C615 
<VB  *  0  v.  f  -  50  kc). 


FIG.  47.  OPTIMUM  SOURCE  RESISTANCE  VS 
GATE  VOLTAGE  FOR  DEVICE  C615 
(Vd  .  6  ».  f  ■  50  kc). 
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I.  APPROXIMATE  NOISE  FACTOR  IN  l/f  NOISE  REGION 

If  the  source  conductance  is  made  much  greater  than  the  input 
admittance  of  the  PET,  then  the  noise  factor  can  he  approximated  hy 

*  -  1  +  HnGs  (**■•50) 

In  the  l/f  noise  region  the  output  noise  current  decreases  almost  linearly 
•with  frequency  to  a  frequency  f^  where  the  spectrum  becomes  essentially 
constant  (cf.  Fig.  3l)*  This  1-f  spectrum  can  be  fitted  by  an  empirical 
formula: 

4-4M0>Gm  (1  +  t)  *  (^51) 

Using  (A. l4)  from  the  appendix  an  approximate  form  for  the  1-f  noise 
factor  is 

f-X^O.^4)  (4.5S) 

For  the  various  devices  is: 

C6l5:  50  kc 

TIX69I:  100  kc 
FSP400:  60  kc 

In  addition  the  optimum  drain  bias  for  the  minimum  noise  factor  is 
less  than  the  pinch-off  voltage  [cf.  Figs.  l6,  40]  for  devices  with  high 
1-f  noise.  This  observation  seems  to  confirm  Laurltzen's  postulation  of 
a  high-field  phenomenon  as  a  cause  of  FET  noise  at  low  frequencies 
[Ref.  6]. 

J.  SUMMARY  OF  RESUITS 

A  noise  model  has  been  derived  by  assigning  thermal-noise  generators 
to  the  resistances  of  the  transmission-line  model  and  shot-noise  gen¬ 
erators  to  the  gate  junction.  This  resulted  in  a  noise  model  characterized 

-  69  -  SEL-63-044 


by  an  equivalent  input  noise  resistance  inversely  proportional  to  the 
transconductance  of  the  device.  Par  a  resistive  source  the  optimum  source 
conductance  was  found  to  be  approximately  equal  to  the  input  admittance 
(output  short-circuited). 
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v.  COaCLDSIOH 


A.  APPLICATION  OP  THE  M3DELS 

The  principal  results  of  this  analysis  have  been  a  circuit  model  and 
a  noise  model  of  the  field-effect  transistor.  Measurements  have  indicated 
that  the  circuit  model  is  a  useful  representation  for  frequencies  up  to 
the  cutoff  frequency.  Where  l/f  noise  is  not  present,  noise  measurements 
confirm  the  essential  features  of  the  noise  model. 

The  similarity  of  the  circuit  and  noise  model  of  the  field-effect 
transistor  to  those  models  of  the  vacuum-tube  triode  has  been  pointed  out. 
The  FET  can  therefore  be  used  in  any  application  where  a  triode  is  useful. 
Moreover,  the  FET  has  the  advantage  of  a  smaller  equivalent  noise 
resistance  (neglecting  l/f  noise  contributions).  However,  the  field- 
effect  transistor  has  one  of  the  same  disadvantages  of  the  triode,  viz., 
a  large  feedback  capacitance;  this  becomes  important  when  the  device  is 
used  as  a  high-frequency  amplifier.  The  problem  can  be  overcome  by  using 
a  cascode  connection,  i.e.,  a  grounded  source  stage  followed  by  a  grounded 
gate  stage.  In  this  case  the  FET  yields  a  lower  noise  factor  in  comparison 
to  the  triode  because  of  the  smaller  noise  resistance  and  input  conductance 
of  the  FET. 

The  most  appropriate  model  for  comparing  the  Junction  transistor  (in 
the  comnon-emitter  connection)  to  the  field-effect  transistor  is  the  pi- 
model.  The  major  differences  between  the  pi -models  of  the  two  devices 
are  the  input  circuit  elements.  At  low  frequencies  the  Junction -transistor 
input  circuit  is  dominated  by  the  input  resistance  (typically  in  the 
kilohm  range),  while  the  field-effect  transistor  input  circuit  Is  pre¬ 
dominantly  a  capacitive  reactance  (typically  in  the  megohm  range).  For 
this  reason  the  Junction  transistor  is  most  often  used  at  low- impedance 
levels,  while  the  field-effect  transistor  should  find  wide  application 
at  high  impedance  levels. 

The  high  input  impedance  of  the  FET  also  engenders  a  lover  noise 
factor  for  large  values  of  source  resistance.  For  a  source  resistance 
of  1  megohm  a  low-noise  field-effect  transistor  can  have  a  noise  figure 
as  low  as  0.4  db  [Ref.  6]  while  the  Junction  transistor  is  rarely  used 
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at  such  large  source  resistances.  Moreover,  the  field-effect  transistor 
can  have  a  lover  optimum  noise  factor  than  the  Junction  transistor.  In 
Chapter  IV  ve  found  that 


Fo  "  1  +  *Vo 

For  the  FET  ve  can  assume  Rq  ■  1000  ohms,  Gq  ■  1  umbo;  the  Junction 
transistor  has  an  equivalent  noise  resistance  about  equal  to  the  base 
resistance  (usually  about  50  ohms)  and  an  optimum  source  resistance  of 
1  mmho.  Substituting  these  values  into  the  above  equation  ve  obtain 

Junction  transistor:  F  »  0.4  db 

o 

Field-effect  transistor:  F  «  0.02  db 

o 

Thus,  even  considering  the  impedance  levels,  ve  find  that  the  FET  has  a 
lover  optimum  noise  factor. 

B.  SUGGESTIONS  FOR  TOOTHER  STUDY 

The  approach  used  in  this  vork  vas  to  approximate  a  transmission  line 
with  a  tvo-section  model.  An  exact  solution  to  the  FET  vave  equation 
can  be  obtained  if  the  boundaries  of  the  channel  can  be  expressed 
effectively.  Knovledge  of  the  voltage  and  current  at  the  ends  of  the  line 
can  be  used  to  calculate  the  admittance  parameters.  Although  the  solutions 
will  probably  be  transcendental  functions,  an  approximation  can  be  made 
at  this  point  to  yield  a  circuit  model.  The  advantage  of  making  the 
approximation  at  this  point  rather  than  at  the  outset  is  that  the  high- 
frequency  parameters  can  be  related  directly  to  the  dimensions  and  other 
physical  constants  of  the  device. 

Further  study  should  be  directed  toward  an  understanding  of  l/f  noise 
in  these  devices.  Especially  important  vould  be  knovledge  of  the 
relative  sensitivity  of  the  field-effect  transistor  to  l/f  noise- 
producing  mechanisms  as  compared  to  the  Junction  transistor.  Since  both 
devices  are  used  in  lov-level  circuits,  it  vould  be  advantageous  to  knov 
vhich  device  had  the  lover  l/f  noise. 
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APEfflHDC:  A  GENERAL  REPRESENTATION  07  NOISE  IN  LINEAR  TUOFOKFS  [Ref.  14] 


In  many  eases  it  is  convenient  to  employ  a  noise  representation  vhere 
the  device  noise  is  represented  by  two  generators  at  the  input  of  the 
device.  This  representation  is  shown  in  Tig.  48. 


FIG.  48.  TWO-GENERATOR  NOISE  MODEL. 


Write 


I  -  Iu  =  Vs 

Yr  -  Gr  +  JBy 


Y  is  called  the  correlation  admittance.  Then 


*  *2 

El  =  E 


(A.  2) 


An  equivalent  noise  conductance  Gu  and  an  equivalent  noise  resistance 

R  can  be  defined: 
n 


I2  =  4KT  G  Af 
u  o  u 

E2  =  4kT  R  Af 
o  n 


(A.  3) 

(A.4) 


The  fluctuations  in  the  total  noise  current  are 


I2  m  4kT  [|Y  [  R  +  G  ]  Af 
o  1 1  y 1  n  uJ 


(A.  5) 


In  terms  of  these  new  variables  the  noise  factor  is 


F  •  1  +  r  +  r  [(0.  +  -  (B.  *  Br)2) 

s  s 


(A.6) 


The  minimum  noise  factor  F  is  obtained  vhen  the  source  conductance  is 

o 


2  _l/2 


,  rau+w  i 

°“L  R7  J 


(A.  7) 


and  the  source  susceptance  is 


Bo  =  *B7 


(A.8) 


The  value  of  this  minimum  noise  factor  is 


P0  -  1  +  ^7  +  Go> 


(A.  9) 
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A  third  fora  of  the  noise  factor,  in  terms  of  Gq,  Bq,  Fq  and  Rq>  is 


» -  »„  *  r  i(0b  -  0<.>  ♦  <B.  •  Bo)  ] 

8 


(A.  10) 


This  result  is  important  in  that  it  holds  for  any  linear  twoport. 

By  measuring  F  ,  G  .  B  ,  and  R_  for  various  Mas  conditions 
o  o  o  n 

and  frequencies,  one  can  determine  the  noise  generators  E  and  I  (and 
their  correlation). 

However,  the  noise  model  of  the  FET  is  based  on  noise  generators  at 
the  input  and  output  of  the  device  (cf.  Fig.  24).  In  this  case  the  noise 
factor  is 


F  -  1  + 


Y„  I  0  2 

j  -  — ii.  j  -  Y  -££ 
»1  Y21  n2  BY21 

G  Af 
o  s 


(A.  11) 


A  comparison  of  the  twD  representations  yields 


1  "  ^  ^  *n2 


(A. 12) 


Hence 


(A. 13) 


n  ^o|Y2i|2Af 


(A. 14) 


From  (A. 12)  ve  infer 


3  :r+  hi  rr  _  *Yu_  _  Yn  _  t. ... 

1  znl  Y0,  In2  ‘  Inl  77”  Xn2  “  Xnl  „  *  In2  CA-15) 


Using  (A. 12)  and  (A.13),  we  obtain: 
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(A. 16) 


E 


2 


Comparison  shows: 


The  uncorrelated  noise  current  is  obtained  by  subtracting 
from  (A. 15): 


1*T  G  £f 
o  u 


* 

■  InlIn2 


* 

*  InlIn2 


* 


Thus  F  ,  G  .  B  ,  and  R  are  found  from  I  , ,  I  and 
o  o  o'  n  nl  n2 

correlation. 


(A.  17) 

(A. 18) 

their 
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Advisory  Group  on  Electron  Devices 
3L6  Broadway,  8th  Floor  East 
New  lork  13,  N.Y. 

2  Attn:  Harry  Sullivan 

Pomander 

Armed  Services  Tech.  Info.  Agency 
Arlington  HM.1  Station 
Arlington  12,  Va. 

10  Attn:  TIFCA 

Census  Bureau 
Washington  25,  D.C. 

1  Attn:  Of  floe  of  Aut.  Director 
for  Statistical  Servicu 
J.L*  McPherson 

Program  Director 
Engineering  Section 
National  Sclenoe  Foundation 

1  Washington  25,  D.C. 

Comending  Officer 
Diamond  Ordnance  Fuse  Labe. 
Washington  25,  D.C. 

2  Attn:  CRDTL  9?0,  Dr.  K.T.  loung 
1  Attn:  Library 

1  Attn:  0RDTMt5O-638,lfr.  R.H.  C«^i 

National  Bureau  of  Standards 
Washington  25,  D.C. 

1  Attn:  R.D.  Hbourn 
1  Attn:  S.N.  Alexander 

1  Attn:  Librarian 
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U.S.  Dept,  of  Commaroe 
National  Burwu  of  Standards 
Boulder  Laboratories 
Central  Radio  Propagation  Leb. 

1  Boulder,  Colorado 

U.S.  Dapt.  of  Oommeroe 
Nat'l.  Bureau  of  Standards 
Boulder  Laboratorlu 
Boulder,  Colorado 
1  Attn:  Miss  J.  Lincoln,  Chief, 

Radio  Warning  Servloee  See. 


Director 

National  Security  Agency 
1  Ft.  Oeorge  0.  Maada,  Md. 

1  Attn:  R31 
1  Attn:  Rli2 

1  Attn:  Howard  neaps igns 

1  Attn:  C3/T0L,  Ra.  2C067,  Teeh.  Doc. 

Chief,  U.S.  Army  Security  Agency 
Arlington  Hall  Station 

2  Arlington  12,  Va. 


Central  Intelligence  Agency 
2130  I  St.,  N.W. 

Washington,  D.C. 

1  Attn:  Mr.  A.  Boral 


UNIVERSITIES 


University  of  Ar leone 
Elec.  Engr.  Dept. 

Tucson  25,  Arizona 
1  Attn:  Robert  L.  Walker 
1  Attn:  Dr.  Douglas  J.  Hamilton 

Jst  Propulsion  Laboratory 
California  Inst,  of  Technology 
L600  Oak  Grove  St. 

Pasadena  3,  California 
1  Attn:  Lihrary 

University  of  California 
Electrical  Engineering  Dapt. 
Berkeley  L,  California 
1  Attn:  Prof.  K.M.  Saunders,  Chm. 

University  of  California 
Radiation  Laboratory 
Information  Div.,  Blog.  30,  hm.  101 
Berkeley,  California 
1  Attn:  Dr.  R.K.  laker  ling 

University  of  California 
Lawrence  Radiation  Laboratory 
P.0.  Box  806 
Livermore,  California 
1  Attn:  Tech.  Info.  Div. 


University  of  California  at 

Loa  Angeles 

Los  Angeles  2J*,  California 
1  Attn:  Dept,  of  ftiginemrlng 
Prof.  Oerald  Estrin 
1  Attn:  Elaotromagnstioa  Div, 

R.S.  dliott 

The  University  of  Chicago 
Institute  for  Computer  Research 
Chicago  37,  Illinois 
1  Attn:  Nicholas  C.  Metropolis,  Dir. 

Columbia  University 
lew  fork  27,  N.X. 

1  Attn*  Dapt.  of  Phyaic* 

Phof.  L.  BriUouin 
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OnmU  University 
Oognitlve  iyete—  In.  pro^ti 
Molliator  *11 
Tlhtti,  N.I* 

X  At  to  i  P.  Rosenblatt 

ODliwnlty  of  Florida 
Depart— nt  of  SXoetrloal  lo*r. 
*.  336,  *gUasrlng  Bldg. 
Oainsvllle,  Florida 
1  Attn*  M.J.  Biggins 

Oeorge  Washington  Univerelty 
Washington,  d*c. 

1  Attn  1  Prof.  N.  Qrisaeore 

Draxal  loot*  of  Teoh. 

Otpt*  of  l«l» 

Philadelphia,  k,  Pa. 

1  At  to  t  F.B.  Haynes 


—rquette  University 
Sagt^sf  H— trlaal  fegUearing 

#  >3, 


University  of  Not—  tom 
An*  Inc r.  Dept. 

South  Bondi  Indiana 
1  Altai  Bugs—  Henry 


X  Altai  Arthur  C.  HooXlor 

*aaachu— tts  Inst.  of  ToohaoXocr 
Ca— ridge  39i  *— aohueett* 

1  Boooaroti  Laboratory  of  Hoctrooio# 
(Does— nt  to.  26-3*7) 

X  Laboratory  for  Inoulatloa  Research 
XI11  SIX  a,  Librarian,  Ra.  k-2fcl* 

LlnooXn  Laboratory 
MMS—htt— tta  Xnstltuto  of  Tooh. 
F.O.  Bos  73 

Laxlnctoa  73,  MMeeohusette 
X  Attn*  Dr.  Bailor  X.  Valla 
1  Attn 1  library 
1  At  tin  Mary  Representative 


Ohio  State  University 
Popart— at  of  Heo.  — jl— oriac. 
Coin— e*  10,  Ohio 
X  Altai  Prof.  S.M.  Boom 

Oro«on  State  University 
Depart— tit  of  KleotrioaX  *gr. 
Corvallis,  Oroaoo 
X  Altai  B*J.  Oortbuye 

University  of  Ibma/lvenia 
Moore  SohooX  of  I.S. 

200  8*  3ktH  81. 

PhiXadeXphie  k,  P— ylvsnia 
X  Altai  MLss  A.L.  Ca— ton 


Georgia  Institute  of  Technology 
Atlanta.  Qeorgla 

1  Attn  1  ITe.  J.B.  Croelend, 

librarian 

Harvard  University 
Technical  Reports  Collection 
Boos  303A,  Pisroe  Hall 
C— bridge  38,  M— aaoha— tie 

2  A  tint  —a.  Elisabeth  iWtai 

Librarian 


Dyneaie  Analysis  end  Control  Leb. 
Mes—ofcnsette  Inst,  of  Teohnology 
Ro—  3-U57 

Ca— ridge,  Massachusetts 
X  Attui  D.E.  Bau— nn 

Director 

Cooley  llectrocioe  Laboratory, 

V*  ^f*** 

Urdveraity  of  Michigan 
1  Ann  Arbor,  Michigan 


Polytechnic  Institute 
Eleotrieal  Mngr.  Dept. 

333  Jay  Street 
Brooklyn,  V—  lark 
1  Attn*  Leonard  3h— 

Polytechnic  Institute  of  Brooklyn 
Qrad.  Center 
Kt.  1X0 

Paruingdale,  Mow  York 
X  Attn*  Librarian 


Harvard  University 
Pierce  Hall  21? 

Ca— ridge  38,  Maeeeohueette 
1  Attn  1  Dlv.  of  fingineorine  end 
Applied  Physics 
Dean  Harvey  Brooks 

Illinois  Institute  of  Technology 
Technology  Center 
Chicago  16,  Illinois 
X  Attn*  Dr.  Paul  C.  feen 

University  of  IXlinole 
glee tri cal  Engineering  Kss.  Lab. 
Urbans,  Illinois 
1  Paul  D.  Od— an,  Ha.  218 
1  Attn*  Villi—  Perkins 

University  of  Illinois 
Digital  Computer  Laboratory 
Urbane,  IXlinole 
X  Attn  1  Dr.  J.E.  Robertson 

Univerelty  of  Illinois 
Coordinated  Scienoe  Laboratory 
Urbane,  Illinois 
1  Attn*  Prof.  Daniel  Alpert 

University  of  Illinois 
Library  Serials  Dept. 

X  Urbane,  IXlinole 

Univerelty  of  IXlinole 
Depart— nt  of  Phyaiee 
Urbane,  IXlinole 
X  Attn i  Sr.  John  Bardeen 

Johns  Hopkins  University 
Applied  Physics  Laboratory 
8621  Qeorgla  Avenue 
Silver  Spring,  Maryland 
X  Attni  A*V.  legy 
1  Attni  V.R.  Chokey 
1  Attni  4<ooa— nt  Library 
X  Attni  Supervisor  of  Teoh.  Reports 

Carlyle  Barton  Labs. 

Johns  Hopkins  University 
Chari—  A  XU  Sts. 

Salti— re  16,  Ihrylend 
1  Attni  Librarian 

U afield  Bag— rah  i—utute 
MoN— mile,  Oregon 
1  Attni  Cay  i.  Hiokok,  Director 


The  University  of  Michigan 
Dept,  of  Electrical  ingin— ring 
3503  Kaat  Engineering  Building 
Am  Arbor,  Michigan 
1  Attni  Prof.  Joseph  K.  Ho— 

Univerelty  of  Michigan 
180  Prists  HLdg. 

Am  Arbor,  Michigan 
1  Attni  Dr.  Qordon  E.  Peterson,  Dir. 
of  Co— i unioa tion  Solan—  Leb. 

Univerelty  of  Michigan 
Institute  of  Science  end  Tech. 

Ann  Arbor,  Michigan 
1  Attni  Teoh.  Doou— nte  Servloe 

University  of  Iftnneeota 
Dept,  of  dsotrloal  Engineering 
Institute  of  Technology 
Minn— polls  li»,  Minnesota 
1  Attni  Prof.  A.  Van  dor  Ziel 

University  of  Nevada 
College  of  Engineering 
Reno,  Nevada 

1  Attni  Dr.  Hobart  A.  — nfcart,  r*-- 
Heo.  ingr.  Dept. 

New  fork  University 
University  Heights 
New  York  53,  N— Zork 
1  Attni  Dr.  J.H.  Milligan,  Jr. 

Chu.  of  B  Dept. 


Prinooton  University 
Electrioal  —  gineerlng  Dept. 
Pyln— ton,  N—  Jar—y 
1  Attni  Prof.  F.S.  Acton 


Research  Institute  of  Advenoed 
Studies 

7212  Bello—  Avenue 
Balti—re,  Maryland 
1  Attni  Dr.  R.  B.  Kal— n 


Purdue  University 
KLeotrloal  Engineering  Dept. 
Lafayette,  India— 

1  Attni  library 

He— 1— r  Polytechnic  Institute 
Library — Serials  Dept. 

1  Troy,  New  Me 

Univerelty  of  Rochester 
(Jarett  Bell 
River  Calais  station 
Rochester  20,  H—  Ink 
1  A.tm  Dr.  Qerald  H.  Cohen 

Stanford  Research  I— titute 
Menlo  Park.  California 
1  Attni  External  Reports  0-037 

Stanford  He  search  Institute 
C—puter  Laboratory 
Menlo  Park,  California 
1  Attni  H.D.  Cra— 


New  zork  University 
Solid  State  Laboratory 
L  Washington  Plnoe 
New  Toilc  3,  Kewlork 
1  Attni  Dr.  H.  Kail— nn 


North* —  tarn  University 
I— ton,  Illinoia 
1  Attni  Prof.  Do— Id  S.  Cage 
The  Technological  Institute 


North— stair  University 
Aerial  Measure— nte  Laboratory 
21*22  Oakton  Street 
B—t—,  Illinois 
1  Attni  Valtar  B.  Toth 


Syracuse  Univerelty 
Dept,  of  Hoc.  Bngr. 

Syracuse  10,  New  York 
1  Attni  Dr.  Stanford  Cold— n 

Univerelty  of  Temeae— 

Dept,  of  B.l. 

Perris  Hall 
1  Kno—Ule,  Twmeeeee 

Teat—  Teehno logloal  College 
Inbboek,  f— 

1  Attni  Dir— tor.  Institute  of 
Sols— o  Engl —ring 
Office  of  De—  of  *gr. 
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University  of  Utsh 
Electrioal  Engineering  Dspt. 

Salt  Laka  City,  Utsh 
1  Attn i  Riohard  V.  Qrow 

Villanova  University 
Dept#  of  JQ.ee .  En gr. 

Villanova,  Htmsylvania 
1  Attn  >  Thomas  C.  Oebriele 
Asa Is tent  Professor 

University  of  Virginia 
Charlottesville,  Vlrg?*'*a 
1  Attn i  J.C.  WyHie,  AlcW*»*n  Ubre^r 

Wayne  State  University 
Detroit,  Michigan 
1  Attn i  Prof.  Harry  H.  Josselson 
Dept,  of  Slavic  Languages 

Engineering  Library 
Tale  University 
Men  Haven,  Connecticut 
1  Sloane  Physics  Lab. 

1  Dept,  of  Electrical  Engineering 
1  Dunham  Lab. 


INDUSTRY 


Adair al  Corporation 
3800  Cortland  Street 
Chicago  1*7,  Illinois 
1  Attn:  K.N.  hoberson,  Librarian 

Airborne  Instruments  Lab. 

Comae  Hoad 
Deer  Park,  L.I.,  New 
1  Attn:  John  Dyer,  Vice  President 
and  Tech.  Director 

Amperex  Corporation 
230  Duffy  Ave. 

Hicks  villa,  L.I.,  New  York 
1  Attn:  S.  Bar basso,  Proj.  Eng. 

Auerbach  Corp. 

1631:  Arch  St. 

1  Philadelphia  3,  Pa. 

Auto  net  ica 

Dlv.  of  No.  American  Aviation 
9150  S.  Imperial  Highway 
Downey,  Calif. 

1  Attn:  Tech.  Library  301:0-3 

Bell  Telephone  Laboratories 
Murray  Hill  Labs. 

Murray  Hill,  N.J. 


1  Attn: 

Dr.  J.K.  Galt 

1  Attn: 

Dr.  J.R.  Pierce 

1  Attm 

Dr.  S.  Darlington 

1  Attn: 

A.J.  Groe smarm 

1  Attn: 

J.A.  Hombeck,  Dir* 

Electron  Tube  ai.d  Transistor 
Dsvslopaent 

1  Attn: 

Dr.  M.  Sparks 

1  Attn: 

A.J.  Morton 

1  Attn: 

Dr.  R.U.  Ryder 

Bendix  Corporation 
Research  Labe.  Division 
Southfield  (Detroit),  Mich. 
1  Attn i  A.O*  Pilfer 


Benson-Lshnar  Corp. 

11:761  California  St. 

Van  Mays,  Calif. 

1  Attn:  George  Ryan 

Boaac  Laboratories,  Inc. 
Beverly,  Mass. 

1  Attn:  Research  Library 


Columbia  Radiation  Lab. 

530  K.  120th  St. 

1  New  York,  N. Y. 

Comrair-San  Diego 
A  Dlv.  of  Oen.  Dynaalos  Corp* 

San  Diego  12,  Calif. 

1  Attn:  Engr.  Library 
Mail  Zone  6-157 

Cook  Research  Labs 
6L01  W*  Oaktoo  St. 

1  Morton  Qrovt,  Illinois 

Comsll  Aeronautical  Lab. 

14:55  Oe nesses  St* 

Buffalo  21,  New  York 

1  Attn:  D.K.  Plummar 

2  Attn:  Library 

Kitel-McCullough,  Inc. 

301  Industrial  Way 
Sen  Carlos,  California 
1  Attn:  Research  Librarian 
1  Attn:  h.R.  Luebke 

Electro-Optical  Instruments,  Inc. 

125  N.  Vinedo 
Pasadena,  Calif. 

1  Attn:  I.  Weiman 

Fairchild  Semiconductor  Corp. 

U001  Junipero  Serra  Blvd. 

Palo  Alto,  Calif. 

1  Attn:  Dr.  V.H.  Grinioh 

General  Electric  Company 
Defense  Electronics  Div.,  -  USD 
Cornell  UJiivereity 
Ithaca,  New York 
1  Attm  Library 
VIA:  Cominder 

Aeronautical  Systems  Div. 
Wright-Pattereon  AFB,  Ohio 
Attm:  Yi’CLGL-L 

Donald  B.  Lewie 

General  Electric  TIT  Product  Sec. 

601  Calif.  Ave. 

P*lo  Alto,  Calif, 

1  Attm  C.G,  Lob 
1  Attn:  Tech.  Library 

General  Electric  Co. 

Research  Lab. 

P.0.  Box  1088 
Schenectady,  N.T. 

1  Attn:  Dr.  Philip  M.  Lewis 
1  Attn:  V.L.  Newhouee 
Applied  Phys. 

General  Electric  Co. 

Electronics  Park  -  Bldg.  3,  Rm.  1L3-1 
Syracuse,  N.Y. 

1  Attn:  Documents  Librarian 
(Yolanda  Burke) 

General  Electric  Co. 

Schenectady  5,  N.Y. 

1  Attn:  Library,  L.M.B*  Dept. 

Bldg.  28-501 

General  Telephone  and  Electronics 
Labe.,  Inc. 

Bayside  60,  N.Y. 

1  Attn:  Louis  R.  Bloom 

Gilfillan  Brothers 
1815  Venioe  Blvd. 

Los  Angslea,  Calif. 

1  Attn:  J&ngineering  Library 

Qoddard  Space  Flight  Center 
Code  611 
1  Greenbelt,  Md. 
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The  Hallloraftare  Co. 

5th  and  Koetner  Ave. 

1  Chicago  2b,  Illinois 

Harahaw  Chmmloal  Co. 

19b5  E.  97th  fit, 

Cleveland  6,  Ohio 
1  Attn:  1ft- .  F*A.  Shir  land 

Hewlett-Packard  Co. 

1501  Page  Mill  M. 

1  Palo  Alto,  Calif. 

Hoffman  Sleotronies  Corp. 
Semiconductor  Div. 

1001  Arden  Dr* 

El  Monte,  Calif. 

1  Attn:  P.N.  Russel,  Tech.  Dir. 

Hughes  Aircraft  Co. 

Florence  at  Taale  St. 

Culver  City,  Calif. 

1  Attn:  Tech.  Ubrery 

Bldg.  6,  fta.  C20U8 
1  Attn:  Solid-State  Group  -  M  107 
1  Attn:  Tech.  Doe.  Ctr .,  Bldg.  6, 
Mail  Station  E-110 
1  Attn:  F.J.  Goebels,  Jr. 

Antenna  Dept.,  Res.  and 
Dev.  Labe. 

Hughes  Aircraft  Co. 

Bldg.  6,  Mail  Station  E-150 
Culver  City,  Calif. 

1  Attn:  Mr.  A. 5.  Jerrems, 
Aerospace  Group 

Hughes  Aircraft  Co. 

Semiconductor  Division 
P.0.  Box  278 
Newport  Beech,  Calif. 

1  Attn:  Library 
1  Attn:  Dr.  K.L.  Steele 

Hughes  Aircraft  Co. 

Bldg.,  60b,  Mail  Station  C-213 
Fullerton,  Calif. 

1  Attn:  Ur.  A.  Eschner,  Jr. 

Ground  Systems  Group 

Hughes  Aircraft  Co. 

3011  Malibu  Canyon  Rd. 

Malibu,  Calif* 

1  Attn:  Mr.  H.A.  lams,  1m*  Xmb. 

International  Business  Machines 
Product  Development  lab. 
Poughkeepsie,  N.Y. 

1  Attm  E.M.  Davis  -  (Dept.  362) 

International  Business  Machines 
Data  Systems  Division 
Box  390,  Boar damn  Road 
Poughkeepsie,  Mew  York 
1  Attn:  J.C.  Logue 

IBM  Research  Library 
Box  218 

1  Torktown  Height#,  New  York 

International  Business  Machines 
San  Jose,  California 
1  Attn:  Major le  Griffin 


ITT  Federal  LmboratarlM 
500  Washington  Avenue 
Motley,  Mew  Jersey 
1  Attn:  Librarian,  Mr.  Ellis  Mount 


Laboratory  for  Electronics,  Inc. 
1079  Commonwealth  Avenue 
Boston  15,  Massachusetts 
1  Attm  Dr.  H.  Fuller 


laboratory  for  Electronics,  Inc. 

1075  Oowwnwealth  At*. 

Bo* ton  15#  Massachusetts 
1  Attn i  Library 

LEL#  Ino. 

75  Akron  Str**t 

Coplagus,  Lone  Island,  hew  fork 
1  Attm  kobart  8.  Ifeutnsr 

Lankurt  Electric  Company 
San  Carlo?.  California 
1  Attm  M.L.  Waller,  Ubrarian 

U bras cope,  Division  of 
Oanoral  Praoi*ion,  Inc* 

308  Wsstsrn  Avenue 
Olandala#  1#  California 
1  Attm  Engineering  Library 

Lockheed  Mia alia  and  Spaoa  Co. 

D*pt.  67-33,  Bldg.  32U 
P.O.  Boa  SQL 

Sunnyvale,  California 
1  Attm  O.W.  Price 

Lookhaad  MUsil*  and  Spaoa  Co. 

Dept.  67-31,  Bldg.  520 
P.0.  Box  5«* 

Sunnyvale,  California 
1  Attm  Dr.  W.M.  Harris,  Dev*t. 
Planning  Staff 

Lookhaad  Missile  System  Co. 
Sunnyvale,  California 
1  Attm  Technical  Inforaation  Ctr. 

50-11* 

Lockheed  MLssila  and  Spaoa  Co 
Palo  Alto,  California 
1  Attn*  M*E.  Broana  -  Dept.  52-1*0 
Bldg.  202 

Msrquardt  Aircraft  Corporation 
16555  Saticoy  St. 

P.0.  Box  2013,  -  South  Annex 
Van  Nuys,  California 
1  Attn*  Dr.  Basun  Change 

Ha  a ear  oh  Scientist 

Hauchley  Associates 
50  I.  Butler 
1  Aaplar,  Pennsylvania 

Hil par,  Incorporated 
Applied  Scisnoe  Division 
3000  Arlington  Hlvd. 

Palls  Chord*,  Vs. 

1  Attn*  Librarian 

Micro  State  Electronics  Corp. 

1  Attn*  A.L.  Kestenbaua 
152  Floral  Are. 

Murray  Hill,  Hew  Jersey 

Mlaroeave  Assoc.,  Inc* 

North  Vest  Industrial  Park 
Burlington,  mss* 

1  Attn*  Dr.  Kenneth  Mortenaou 

Microwave  Electronic*  Corporation 
1*061  Transport  St. 

Palo  Alto,  California 
1  Attn*  Stanley  P.  Kaleel 
1  Attm  M.C.  Long 

MLmeapolie-Honeyeell  Regulator  Co. 
Seal  conductor  Library 
1177  KLu*  Heron  filed. 

1  Riviera  Beach,  Fla. 

Monsanto  Cheateal  Co. 

800  X.  Lindbergh  Bird. 

St.  Louis  66,  Mo. 

1  Attm  Ifr.  Idaerd  Or ban  Mgr. 

Inorganic  Developmnt 


Motorola,  Seaioooductor  Prod.  Div. 
5005  t*  McDowell  Bd. 

Phosnix,  Arlsona 
1  Attm  Dr.  A.  Lssk 
1  Attm  Pstsr  B.  Myers 

Motorola,  Ino. 

8330  Indiana  At*. 

Riversids,  Calif. 

1  Attm  R.E.  Fra  as* 

Tach.  Info.  Analyst 

National  Biomedical  lust. 

8600  16th  St. 

Silvsr  Spring,  Md. 

1  Attn*  Dr.  it.S.  Lsdlsy 

Nortronics 

Palos  Vardas  Rssearch  Park 

6101  Craat  Road 

Palos  Verdes  Estates,  Calif. 

1  Attn*  Teohnioal  Inforaatlou 
Agsncy 

Pacific  SsMieo  xiuctors,  Inc. 
li*$20  So.  Aviation  Blvd. 

Lawndala,  California 
1  Attm  H.Q.  North 

Philco  Corp. 

Tach.  Bap.  Div. 

P.0.  Box  1*730 

Philadelphia  3l*»  Pennsylvania 
1  Attm  F.K.  Sheraan,  Mgr.  Editor 
Philco  Tach.  Rap.  Div. 
BULLETIN 

Philco  Corp. 

Lanedala  Division 
Church  Road 
Lanedala,  Pa. 

1  Attn:  John  R.  Oardon 

Philco  Scientific  Lsb. 

Blue  Bell,  Pennsylvania 
1  Attn:  Dr.  J.R.  Fsldasisr,  Assoc. 

Dir.  of  Research 
1  Attn:  C.V.  Bo^iarslll 
1  Attm  C.T.  McCoy,  Advisor 

Polarad  Electronics  Corp. 

1*3-20  Thirty-Fourth  St. 

Long  Island  City  1,  New  fork 
1  Attm  A.H.  Sonnanaohsln 

Ass’ t.  to  the  President 

RCA  Laboratories 
Princeton,  New  Jersey 
1  Attm  Berwick  Johnson 
1  Attn*  I*.  W.M.  Webster 

RCA 

Bldg.,  108-131* 

Moores town,  Nsw  Jersey 
1  Attm  H.J.  Schrader 

The  Rand  Corp. 

1700  Main  St. 

Santa  Monica,  Calif. 

1  Attn*  Lib.,  Helen  J.  Waldron 

The  Rand  Corp. 

1700  Main  St. 

Santa  Monioa,  Calif. 

1  Attm  Computer  Sciences  Dept. 
Willis  H.  Ware 

Raymond  Atehley  Div. 

Aaerioan  Brake  Shoe  Co. 

2231  South  Barrington 
Lpe  Angeles  61*,  Calif. 

1  Attm  HLdeo  Mori 

Raytheon  Company 
MLorowav*  end  Power  Tube  D1t. 
Speuoer  Laboratory 
Burlington,  Mass. 

1  Attn*  Librarian 


Raytheon  Muaifacturing  Co. 

28  Ss/on  St. 

Reeesroh  D1t. 

Maltha*.  Mass . 

1  Attm  Dr.  Herman  Stats 
1  Attm  Ubrarian 

Raytheon  Corp. 

Waltham,  mss. 

1  Attm  Dr.  H.  Schsrfean 

Roger  Whit*  Electron  Devioes,  Inc. 
Tall  Oaks  Rosd 
Laurel  Ledges 

1  Stanford,  Com. 

Spaoa  Technology  laboratories,  Inc. 
Ora  Specs  Park. 

Redondo  Beach,  Calif. 

2  Attm  Teoh.  Ub. 

Docvuaeut  Acquisitions. 

Space  Technology  Labs.,  Inc. 
Physical  Research  Division 
R-l,  Ra.  1086,  One  Spaoe  Park 
Redondo  Beach,  Calif. 

1  Attn:  Ray  F.  Kingsley 

Space  Technology  Labe.,  Inc. 
Physical  Research  Lab. 
p.O.  Box  95002 
Los  Angeles  1*5,  California 
1  Attn:  D.  Fladlsin 

Sperry  Oyroscope  Coepeny 
Div.  of  Sperry  Raua  Corp. 

Qreat  Neck,  New  York 
1  Attn:  Leonard  Swern  (M.S.  3T1  ^ 

Sperry  Microwave  Electronics  Co. 
Clearweter,  Florida 
1  Attm  John  E.  Pippin, 

Res.  Section  Head. 

Sperry  Electron  Tube  Div. 

Sperry  Rand  Corp. 

1  Gainesville,  Florida 

Commanding  Officer 
U.S.  Ar ay  Electronics  Res.  Unit 
p.O.  Boot  205 
1  Mountain  View,  Calif. 

Sylvania  Electronics  Systea 
Walthaa  Laboratories 
100  First  Ave. 

Walthaa  5U,  Mass. 

1  Attm  Ubrarian 
1  Attm  Mr.  Ernast  E*  Hollis 

Teohnioal  Research  Group 
1  Syoseet,  Long  Island,  New  fork 

Texas  Instruments  Incorporated 
Apparatus  Div. 
p.O.  Box  6015 
Dallas  22,  Taxes 
1  Attn*  M.E.  Chun 

Texas  lnstruaents,  Inc. 
Sesdoonductor-Coeponents  Div. 
p.O.  Box  5012 
Dallas  22,  Texas 

1  Attm  Semiconductor  Coupons nt* 
Ub. 

1  Attm  Dr.  R.L.  Pri tabard 
1  Attm  Dr.  Vi  11  is  A.  Adcock,  Mgr. 
Integrated  Circuits 
Coapensnts  Div. 

Texas  lnstruaents  Incorporated 
Corporate  Research  and  Engineering 
Teohnioal  Reports  Ssrvio# 

P.O.  Box  5L7u 
1  Dallas  22,  Texas 
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Tektronix,  I  no. 

F.O.  Box  900 
Beaverton,  Oregon 
U  Attn i  Sr*  Jun  r.  Delord 
Dir.  of  Research 

Trmnaitron  Electronic  Corp* 

U*U  Addison  St. 
kit  Boston,  Bus* 

1  Attn*  Dr.  H.Q.  ftidonbori 
Dir #o tor,  R  and  D 

Varlan  Associates 
611  Hutssn  Way 
Palo  Alto,  Calif. 

1  Attn*  Taoh.  Library 

Weatinghouse  Electric  Corp* 
Friendship  International  Airport 
Box  7U6,  Baltimore  3,  Md. 

1  Attn*  0.  Roes  Kilgore,  Mgr* 
Applied  Research  Dept. 
Baltimore  Laboratory 

Meetinghouse  Bleotrio  Corp. 

Beulah  Road 

Pittsburgh  35,  Pennsylvania 
1  Attn*  Dr  .  G.C*  Ssiklai 

Weatinghouse  Else  trio  Corp. 
Research  Laboratories 
Beulah  Road,  Churchill  Boro 
Pittsburgh  35,  Pennsylvania 
1  Attn*  J.O.  Castle,  Jr.  -  U0X-1B5 
1  Attn*  Solid  State  Dept. 

1  Attm  R.E.  Davis 

Weatinghouse  Electric  Corp. 
Itotuohen,  Mew  Jersey 
1  Attn i  M.J.  Hellstrow,  Supervisor 
Advanced  Development  Lab. 

Zenith  Radio  Corporation 
6001  Dickens  Are. 

Chicago  3 9t  Illinois 
1  Attn*  Joseph  Mnxkin 

AFSC  Liaison  Office 

Los  Angelas  Area 

1  Attm  L/Col.  A. A.  Konkel 
6331  Bollywood  Bird. 
Hollywood  28,  Calif. 

Hq.  USAF  (AFRDR-MO-3) 

The  Pentagon 

1  Attm  MT.  Harry  Mulkey 
Room  UD  335 
Wash.  25,  D.C. 


Advisory  Qroup  on  Reliability  of 
Blsetronio  Equipment 
Offios,  Aset.  Secretary  of  Defanea 
The  Pentagon 
1  wash.  25,  D.C. 

Tha  Martin  Company 
P.0.  Bax  5637 
Orlando,  Florida 
1  Attm  Engineering  Library 
M.P.  30 


Air  Force  Syateae  Coandnd 
Scientific  It  Tech.  Liaison  Offios 
111  K.  16th  St. 

1  New  fork  23,  Mew  lortc 

School  of  Aeroepsoe  Medicine 
USA?  Aerospace  Medical  Dir.  (AFSC) 
1  Attm  SMAP 

Brooks  AFB,  Texae 


rn— nrllng  General 
U&AUJDL 

1  Attn*  Technical  Document*  Center 
true  Signal  Lab  Area, 
Bldg.  27 

Ft.  Monmouth,  Mew  Jersey 
Commander 

Army  Ballistic  Missile  Ago  nay 
1  Attm  CRDAB-DOC 

Redstone  Arsenal,  Alabama 
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X  Northern  Klootric  Co.,  Ltd. 
tot.  tad  Dov't  Labs 
p,0.  Boot  3511*  Station  ■C 
**Ofctaiia,  CAUDA 

RCA,  Surf.  Com.  Dir. 

Front  and  Haricot  Sts.,  Bldg.  17-C-6 
Coadon,  X.J. 

1  Attm  K.  K.  Nillor,  Ugr. 

Uinutoaan  Proj. 

Control  Eloctronioa  Xnginooring 
Rooooroh  Inotituto 
*  Pi lord,  Rojos than,  Indio 
1  Attn t  Ob  P.  Gandhi 

Onlroroity  of  Ottooa 
Dopt.  of  llootriool  Knginoorinc 
•*  Ottooa  2,  CANADA 
1  Attn:  Q.S.  Olinolqr 

1  Dr.  Sidnoj  V.  Soanoa 
Rooooroh  Dopt. 

For ranti -Packard  Eloctric,  Ltd. 
Industry  St. 

♦♦Toronto  15,  CANADA  Ontario 

1  Ur.  Hoi  kid  Ihantola 
Fiakaro  Xlootrordoo  Laboratory 
♦♦Eliaaonkatu  17,  Holsinki,  Finland 

1  Prof.  Joes  M.  Borrogo 

Contro  do  Imrostigaoion  T  do  Bstudioo 
Avaaadoo  Dol  Inotituto  Politoonico 
National 
Apartado  Postal 
♦♦Hsxlco  lit,  D.F. 


*  CNR  Lb  Roports  OLX 
♦♦If  on  AF  26  Roports,  mat  bo  sont 
VIA:  ASD,  For sign  KoISaSo  Offioo 

(Asxrr 

Wrifht-Pattsrson  AFB,  Ohio 
Attm  Hr.  J.  Troyan 
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